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Introduction
C h ap te r  1
Introduction
1.1 General
The use o f bolted connections, due to the importance in construction, is crucial both 
economically and structurally. Saving in connection costs as well as the improved 
construction quality has an impact on building design in overall. Because o f the repetitive 
nature o f connections, even minor material or labour savings in one connection are 
compounded and expanded throughout the entire building. It is important, then, for a 
design engineer to understand the behaviour o f the connection, not only from the point o f 
view o f the connection as a structural element, but also from the point o f view o f the 
connection as a part o f the complete structural system.
During the last decade more advanced manufacturing processes and improved 
properties o f high strength steel (HSS) and stainless steel have made them more attractive 
in an economic and environmental perspective. An obstacle that reduces the advantages 
o f using high strength steel in structures is that the design rules for compression are not 
suited to utilize the higher resistance o f the high strength steel. The use o f stainless steel 
for structural applications provides some advantages compared with mild carbon steel, so 
stainless steel is often the least expensive material option because o f its anti-corrosion
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and better fire resistance properties. There is currently a great deal o f interest in the use 
o f high strength and stainless steel in structural engineering applications. Behaviour o f 
bolted connection with high strength and stainless steel w ill be investigated by using the 
application o f finite element modelling.
1.2 Background
Steel construction, with various structural components connected together have several 
types o f detailing: bolted, welded, riveted and adhesive ones. Among them, the bolted 
connections exhibit a lot o f advantages, such as easy assemblage, re-assemblage, 
repairing and replacement o f damaged structural components, thus making these 
connections attractive, in particular for the construction o f heavy structures. A lot o f 
examples o f such joints could be named (e.g. the shear connection, the beam-to-column 
connection, the column bases, and the column-to-column connection). These joints 
distribute the internal forces between the connected members in an effective way.
Depending on the action o f the external loading acting on a jo int, bolted 
connections can be classified into two categories. The joints is said to be in tension when 
the forces in the axial direction o f the bolts. The jo in t is said to be in shear when the 
forces on the connection acting perpendicular to the axis o f the bolt. The splice lap 
connection is formed by a bottom plate or more bolted to a splice plate. One o f the 
primary purposes o f the jo in t is to transfer in-plane loads from one plat to another through 
shear across the bolt shank. The most important aspect o f splice lap connection behaviour 
is the load-displacement (P-A) relationship. The connection failure is distinguished 
between net cross-section and bearing failure.
In steel framed structures, beam-to-column connections such as partially restrained 
(PR) connections have been used widely in order to transmit some o f the moments 
between the connected elements and permit some relative rotation depending on their 
stiffness. More interest has been directed recently towards behaviour o f steel frames with 
PR connections. The most important aspect o f connection behaviour is the moment-
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rotation (M-6) relationship. The stiffer connection gives the higher M-0 curve 
representing the behaviour o f the connection. The primary distortion o f a steel beam-to- 
column connection is its rotational deformation 6r, caused by in-plane bending moment.
There are some types o f PR connections such as angle web angle (SWA), double 
web angle (DWA), top and seat-angle (TSA), top and seat-angle with double web angle 
(TSAW), and also a flush end plate connection (FEP). The applications o f PR 
connections have become increasingly popular in civil engineering structure in recent 
years. This is due to their advantages over the rigid or pinned joints in terms o f strength, 
stiffness, construction procedure, and overall economy. Several aspects o f PR 
connections have been carried out by many researchers. The effect o f PR connections on 
the behaviour o f steel frames and their potential economical benefits is well recognised 
[1].
To achieve a safe and economic design, it is necessary to investigate the structural 
bolted connection both with numerical modelling and experimental testing. High strength 
and stainless steel provides designers with the possibility o f creating much thinner and 
weight efficient structure than it would be possible i f  using steels with lower strength. 
The use o f stainless steel for civil engineering structural application provides possibilities 
for a more efficient balance between whole-life cost and in-service mechanical response 
o f structural components, connections and the overall system [2]. To achieve a safe and 
economic design it is necessary to investigate the structural connection with finite 
element modelling and validated against experimental testing with some development o f 
non linear continuum modelling using high strength and stainless steel.
1.3 Research aim
The aims o f this research are:
1. To assess the numerical modelling o f the shear bolted and partially restrained 
connection and to examine validity with experimental results.
2. To investigate bearing capacity, moment strength, ductility and rotational capacity o f 
connections and structures with high strength steel using finite element modelling.
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3. To investigate load bearing, moment strength, ductility and rotational capacity o f 
connections and structures with stainless steel using finite element modelling.
4. To determine the strain softening effect o f high strength and stainless steel material 
on overall connection behaviour using developed finite element model.
5. To determine the effect o f connection behaviour with high strength and stainless steel 
material on the structural frame performance.
1.4 Brief Description Each Chapter
This thesis studies experimentally and analytically the behaviour o f shear bolted 
connection and partially restrained (PR) connection with high strength and stainless steel. 
Research emphasizes on the load bearing resistance, ultimate moment and rotational 
capacity. Study has aimed to provide a better understanding o f the overall behaviour o f 
the connections with applied steel material properties.
Investigations were carried out in two different methods, finite element analysis and 
analytical studies. Analytical studies were also conducted in two separate methods. The 
derivations o f the ultimate load bearing and displacement capacity o f the shear 
connections and the ultimate moment and rotational capacity o f the PR connections were 
calculated by using the principle o f non linear structural analysis. Simplified models were 
also used to compare with 3D continuum finite element model results and also to study 
the parameters which can significantly influence on the overall behaviour o f the bolted 
connections.
The layout o f the thesis is outlined as follows. An extensive literature review related 
to the bolted connection and high strength and stainless steel is presented in Chapter 2 in 
which the achievements o f other researchers are discussed and the discrepancies are also 
identified. Chapter 3 comprises an introduction to the finite element analysis method to 
emphasis continuum modelling which is discussed and presented for the 3D finite 
element methodology by using the software ANSYS in order to develop the models 
according to the specimens used in the experiments. Chapter 4, presents a validation o f 
finite element modelling result against experimental result. Chapter 5 presents the 
developed finite element model using non linear material o f high strength and stainless
4
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steel to highlight the behaviour o f bolted connections. Chapter 6 presents the results o f a 
parametric study o f the finite element analysis work. Chapter 7 presents the derivation o f 
design formulas for the ultimate capacity o f the bolted connection with high strength and 
stainless steel. Finally, conclusions based on the discussion made in the previous chapters 
is drawn in Chapter 8, and some suggestions for further work regarding existing findings 
are also made.
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2.1 Introduction
In recent years the idea o f using bolted connection i.e. partially restrained angle 
connection in building structures has become more practical and economical. Splice lap 
bolted connection makes a simple shear lap jo int more affordable to set up with a plate 
bolted to the other one. Partially restrained connections resist moment and also allow 
rotation, therefore distributing the moments and stresses more evenly throughout the 
element.
The use o f high strength and stainless steel for has increased in the last few years. 
This is because, in addition to some national codes o f practice, Eurocode 3 (EC3) also 
allows the use o f these steel grades. There are no special conditions or restrictions for 
bolted connections for high strength steel in Annex D, and reference is made to clause 6 
o f EC 3 [5]. According to the EC3 part 1.4 [6], section 5.2 and Section 9 and Annex A 
o f EN 1993-1-3 are applicable to stainless steels.
*
2.2 General Introduction on High Strength Steel
 ^ According to the EC3, mechanical properties o f carbon steel: Steel grade S275 with 
minimum yield strength o f 275 MPa, whilst grade S355 with yield strength o f 355 MPa. 
For steel grade S460 with nominal stress o f 460 MPa, steel grade S550 with nominal
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yield stress o f 550 MPa and grade S690 with nominal yield stress o f 690 MPa arc 
considered as HSS.
Sivakumaran K.S. et al. [7] investigated the slenderness lim it and ductility o f high 
strength steel section. The material ductility were measured to be £u/sv = 105 (300Q) and 
£u/sv = 17 (700Q). The results have shown that the available compression flange strain 
ductility is considerably lower than the corresponding material strain ductility. The 
ductility associated with the 480W and 700Q steel were considerably lower (almost halt) 
than that observed in 300W and 350W steel. The ductility corresponding to a point at 
which the stress falls below the specified yield strength (D values) for 300W and 350W is 
more than 3 times the corresponding D, and ductility at the onset o f local buckling (D i) 
values, whereas the I) values for 480VV and 700Q arc less than 2 times. Therefore, the 
Class 1 b/t lim it defined in the current code may not be directly applicable to 480VV and 
700Q steel grades. The ductility and the strain hardening strength associated with the 
350W steel, are quite similar to that o f the 300W steel. On the other hand, the 700Q steel 
reveals very little compression flange strain ductility and strain hardening. The current 
study results are expected to increase the efficiency o f steel design, particularly for plastic 
and ductile seismic designs.
The research from (irccn et al. [8] discussed the inelastic behaviour o f 
welded, I-shaped llexural members fabricated from an high performance steel ( I l l ’S), 
11SLA-80, having a nominal yield stress o f 550 MPa and an ultimate strength between 
610-690 MPa and compares the results to similar flexural members fabricated from 
conventional S275 steel, f lic  effects o f material properties: yield stress, strain-hardening 
modulus, yield strcss-to-ultimate strength ratio, and strain at ultimate stress: cross-section 
geometry: flange slenderness, web slenderness, and lateral slenderness; and loading 
condition: monotonic moment gradient, monotonic uniform moment, and cyclic moment 
gradient are described from the results o f experimental testing and analytical modeling.
In recent years higher strength steels, which do not satisfy the material 
 ^ requirements o f these design standards, have become available. It is necessary that the 
stability and ductility problems associated with these higher strength steels be adequately 
allowed for in design [9], Thin high strength steels with 550 MPa yield stress have been
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used to investigate the design against the distortional mode o f buckling which can occur 
in compression or flexure. Distortional buckling is a mode o f failure where a section 
changes its cross sectional shape under compressive stress. It may occur in thin sections 
in compression or bending at stresses significantly below the yield stress, especially for 
high strength steels. Therefore, the use o f thin high strength steel sections warrants 
consideration o f distortional buckling.
The use o f HSS made o f S690 plate for experimental testing results was 
extensively emphasized to investigate the ductility problem f 10]. The result o f tensile test 
shows the value o f yield strength fy = 875 MPa, ultimate strength fu = 915 MPa, ultimate 
strain eu = 14% and fu/fy = 1.046 as shown in Figure 2.1. The effect o f net cross-section 
failure on resistance and local ductility was studied using experimental plate specimens 
with various sizes o f circular holes subject to tensile load. The HSS specimens were 
compared with specimens made o f mild steel S235. The fu/ fy ratio for such steel might be 
1.5. Due to a large ratio, the net cross-section might reach a stress far above the yield 
stress fy , and due to strain hardening, the gross cross-section o f a member in tension can 
also yield and therefore be exposed to excessive plastic deformations. The load 
displacement curves o f S235 specimens differed in shape as well.
Stress (MPa)
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Fig. 2 .1 Typical strcss-strain curve o f 11SS
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The selection o f the material to maintain ductility is very important. Especially, 
high strength steels (HSS) are less ductile than the usual mild structural steels. Ductility 
was normally defined as the ability o f a materia! to deform plastically before fracturing 
f l 1]. It is usually evaluated by measuring the elongation from a tension test, or the radius 
or the bend angle from a bending test. Different design standards stipulate minimum 
ductility requirements for certain analysis methods. Eurocode 3 prEn 1993-1-12 [12], 
recommends ductility value requirements for high strength steel application o f plastic 
analysis method: ( i ) / u//y > 1.05 (ii) etr > 10% (iii) eu/ey > 15.
Zhao [13] has investigated the section capacity o f very high strength (VHS) 
circular tubes under compression. Full-section tensile tests were performed to determine 
the Young’s modulus o f elasticity, tensile yield stress and ultimate tensile strength. The 
modulus o f elasticity was found around 200,000 MPa, the tensile yield stress (0.2% proof 
stress) was around 1360 MPa which is about 0.7% higher than the nominal value (aV71) o f 
1350 MPa and the ultimate tensile strength was around 1519 MPa which is about 1.3% 
higher than the nominal value (crun) o f 1500 MPa. The average ratio o f the ultimate 
strength to yield stress is 1.117. The stress-strain curve o f VHS is shown in Figure 2.2.
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Fig. 2.2. T ypical stress-strain curve o f VHS
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2.3 General Introduction on Stainless Steel
For structural engineers, stainless steel offers strength, ductility and fire resistance that ise 
unparalleled compared with common construction steel. The mechanical behaviour o f 
stainless steel differs from carbon steel in that the stress-strain curve departs from 
linearity at a much lower stress than that for carbon steel. The material has a greater 
capacity for work hardening and the elastic modulus o f stainless steel reduces with 
increasing stress, unlike that o f carbon steel [14].
Mechanical properties o f stainless steel: Austcnitic stainless steel grade 1.4031 
(304) with minimum 0.2% proof strength or yield strength o f 210 MPa, whilst Grade 
1.4401 (316) with yield strength o f 220 MPa. For duplex stainless steel grade 1.4362 
(2304) with minimum 0.2% proof strength or yield strength o f 400 MPa. 1.4462 (2205) 
with yield strength o f 460 MPa. Typical stress-strain curve o f stainless steel is shown in 
Figure 2.3.
Stress (MPa)
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Fig. 2.3. Typical stress-strain curve o f stainless steel
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Structural stainless steel joints may utilize welding, bolting or other mechanical 
fasteners. Basic design philosophy is no different from that for carbon steel joints, and the 
high ductility that stainless steel offers (particularly the austenitic grades) should be 
beneficial. There are however a number o f general design aspects that require 
consideration, in particular to minimize the risk o f corrosion; problems may be 
experienced where fissures exist, where there is dissimilar metal contact inducing 
galvanic corrosion (e.g. joints comprising both stainless steel and carbon steel 
components) and in the heat-affected zone resulting from welding. The common grades 
o f stainless steel are readily weldable; the austenitic grades especially, can be welded 
with case, and since there is no change in metallurgical structure with temperature, the 
weld material and surrounding zone should remain good strength and ductile. As with 
ordinary carbon steel, stainless steel grades with a low carbon (equivalent) content are 
desirable for welding (such as EN 1.4306 (A1SI 304L) and EN 1.4404 (AISI 316L)), 
though these grades generally possess slightly lower strengths. The structural behaviour 
o f stainless steel joints is similar to that o f carbon steel joints, and this is reflected in 
design guidance. Design rules are provided in each o f the three design standards under 
consideration, with slight variations from their corresponding carbon steel 
recommendations. The European guidance for stainless steel joints adopts the rules o f 
Eurocode 3 Part I .S [ 15], subject to some minor modifications uiven in Part 1.4
I he paper from Rasmussen et al. [I6 | described the development ol numerical 
models for analysing stainless steel plates in compression. Material tests on coupons cut 
in the longitudinal, transverse and diagonal directions are included as are the results o f 
tests on stainless steel plates. Detailed comparisons are made between the experimental 
and numerical ultimate loads, load-displacement curves and load-strain curves. It is 
shown that excellent agreement with tests can be achieved by using the compressive 
stress-strain curve pertaining to the longitudinal direction. The effect o f anisotropy is 
investigated using elastic—perfectly-plastic material models, where the anisotropic 
material model is based on Mill's theory. The models indicate that the ef fect o f anisotropy 
is small and that it may not be required to account for anisotropy in the modelling o f 
stainless steel plates in compression.
11
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The expression for the stress-strain curves for stainless steel alloys is useful for 
the design and numerical modelling o f stainless steel members and elements which reach 
stresses beyond the 0.2% proof stress in their ultimate lim it state [17]. In this stress range, 
current stress-strain curves based on the Ramberg-Osgood expression become seriously 
inaccurate principally because they arc extrapolations o f curve fits to stresses lower than 
the 0.2% proof stress. The extrapolation becomes particularly inaccurate for alloys with 
pronounced strain hardening. The paper also develops expressions for determining the 
ultimate tensile strength (<ru) and strain (£-u) for given values o f the Ramberg-Osgood 
parameters (Eo, a0.2, >0- The expressions are compared with a wide range o f experimental 
data and shown to be reasonably accurate for al! structural classes o f stainless steel 
alloys. Based on the expressions for ctu and £u, it is possible to construct the entire 
stress-strain curve from the Ramberg-Osgood parameters (/%, ob :< «)• 1°*' cr < Go.2 the 
Ramberg-Osgood equation is used:
n
0
(7 ( 2 . 1 )
For a > CT0.2 a equation in the new reference system according to [17] is used:
(2 .2 )
where:
1 + 0.002n/e
(2.3)
2.4 Strain Softening
In the realistic analysis o f steel structures, an important criterion that needs to be 
considered is the implication o f strain softening behaviour at an element level. Fven 
though the stress-strain relationship o f the steel used may not show a softening nature,
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particular elements may do so. l or example, local softening is often exhibited as a 
consequence o f the local buckling o f sti(Toners, the lateral -torsional buckling o f beams 
caused by inadequately provided torsional restraints, the excessive deformation o f truss 
elements caused by inadequately provided side restraints, and by steel connections with 
certain types o f bolted connection. This local constitutive instability is evidenced by a 
decreasing either bending moment with increasing flexural rotation relationship or axial 
load with increasing deformation relationship.
Strain-softening models have received a great deal o f attention for describing the 
fracture o f steel, fracture o f concrete, and other materials where microstructure has a 
strong influence on macroscopic properties. In general, a macroscopic description o f 
damage (e.g., excessive deformation fracture) is reflected in a constitutive model that 
exhibits a decrease o f stress with increasing strain beyond some critical strain in 
correlation with tensile strength as shown in Figure 2.4. Ultimate stress is defined as <ju 
(MPa) corresponding with ultimate strain <?„. and fracture stress is defined as cjfr (MPa) 
corresponding with fracture strain ef, whilst yield stress is defined as 0.2% proof stress <t02 
(MPa).
stress
strain to fracture
uniform  strain
C o 2
fracture
stress
£ o  2 rain s
Figure 2.4 The engineering stress-strain curve up to fracture strain
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Zhou ct al. [18] studied the strain softening constitutive equation for metal 
material under tensile action. A three-parameter nonlinear constitutive model has been 
established to describe the strain rate dependent stress-strain curve o f the tungsten heavy 
alloy. The parameters in this model are the modulus E, the strain exponent m and the 
compliance factor /?. A ll three parameters are strain rate dependent. Strain rate dependent
is defined as low rate i.e £ =  100s'1, therefore the determined parameters in the
constitutive equation is written as:
-  = / / ( 1 0 0  i --- <2 -4 )
rr  E
where:
v = strain (%)
cr -  stress (MPa )
m and // are defined using . <% . $ r . and <j\>
Tangaramvong et al. [19] presented a method for carrying out, in a single step, an 
elastoplastic analysis to obtain simultaneously both the ultimate load and corresponding 
deformation o f a strain softening structure. The effect o f combined bending moment and 
axial force is also accounted for in the piecewise linearized softening yield condition. 
However, a monotonic loading process is assumed within a small displacement 
framework. A mathematical p r o g r a m m i n g  approach has been proposed to tackle this 
problem. In particular, the formulation leads to an instance o f the challenging class o f a 
so-called ‘mathematical program with equilibrium constraints' (MPEC). Various 
nonlinear programming based algorithms are proposed to solve the MPEC. Numerical 
examples are provided to illustrate the described analysis and also to highlight the effects 
o f constitutive local softening instability and o f axial forces on the overall structural 
behaviour o f the frames.
Mistakidis et al. [20] presented two methods for the solution o f steel structures 
taking into account softening phenomena. This behaviour results from the coupling o f 
local buckling and lateral-torsional buckling phenomena and leads to a nonconvex 
function o f the potential energy o f the structure. The problem is formulated on the 
rigorous mathematical background o f hemivariational inequalities. Both methods reduce
14
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the nonconvex minimization problem to a number o f convex minimization subproblems 
which are treated numerically with the methods used for the solution o f the classical 
plasticity problems. In this sense, both approaches proposed here can be understood as 
extensions o f the classical plasticity theory which is familiar to structural engineers.
Local buckling o f beam and/or connection elements is a source o f softening in the 
moment-rotation behaviour in certain connections. This effect can significantly reduce 
the maximum load-carrying capacity o f steel structures. In this study, an elastic-plastic 
plane frame analysis which includes the effect o f nonlinear connection behaviour is 
presented to predict the ultimate load-carrying capacity o f steel frames [21]. The 
structural model comprises members which are assumed to behave elastically with 
nonlinear connection moment-rotation behaviour. The main objective o f this study is to 
investigate the effect o f connections which exhibit strain-softening behaviour on the 
ultimate strength and stability o f flexible frames. Numerical studies o f frames made using 
the developed computer program are presented. Observations regarding the effects o f 
flexible connections on the strength and deflection o f steel framed structures are 
discussed. The proposed analyses procedure using flexible joints modeled by the Richard 
function were found to be simple and accurate which compared to elastic-perfec tIy plastic 
models.
Tanguramvong et al. [221 presented an extended classical limit analysis approach 
for steel structures to account for local strain softening behaviour. As is well known, the 
bound theorems underpinning the collapse load estimation o f ductile structures require an 
assumption o f perfect plasticity. They are invalid for the class o f structures, such as those 
being considered here, that exhibit local softening. A method has been proposed, based 
on the same conditions governing the path-independent state problem, for capturing the 
maximum load multiplier characterizing the one parameter proportionally applied loading 
regime. The problem is cast as a special instance o f the notoriously difficult to solve class 
o f problems known as a mathematical program with equilibrium constraints (MPEC). 
Various solution approaches, all based on solving the MPEC as a standard nonlinear 
programming problem, are briefly presented. One o f them, namely the penalty scheme, is 
used to solve the three numerical examples provided to highlight application o f the 
proposed lim it analysis approach.
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An experimental investigation and a constitutive modeling o f the mechanical 
response o f an interstitial free steel over a wide range o f strain rates are presented in 
reference [23]. Tensile tests at relatively high strain rates, were performed at an initial 
room temperature, using the so-called one bar technique developed on the basis o f the 
Hopkinson bar method. A t a high strain rate, a distinct upper yield lim it was observed, 
and the subsequent flow stress increases remarkably. Furthermore, the ductility was 
reduced significantly in comparison to the case c f  low strain rate tension. In order to 
express such a complicated material response o f steel, a new constitutive relationship was 
developed to model this taking into account effects o f a change in the mobile dislocation 
density and strain softening. An attempt was made to reproduce the tensile response 
including a diffuse neck formation at high strain rates, using the proposed constitutive 
model and finite clement method. The results indicated that a change in the mobile 
dislocation density had substantial effects on apparent work hardening behaviour at high 
strain rates, although the change in the mobile dislocation density was transcribed at 
macroscopic scale in the model. Finally, characteristics o f true stress true strain curves at 
various strain rates was discussed, and their correlation with the plastic instability 
behaviour.
Chausov et al. [24] proposed laws o f deformation processes and fracture o f plastic 
steel from the point o f view o f dynamic overloading. Fragments o f stress-strain diagrams 
o f steel ST20 with a dynamic overloading have been presented including on site 
softening. It has been established, that dynamic overloading carried out on any section o f 
deformations, starting with elastic, greatly change the processes o f steel deformation. An 
essential part in decreasing the strength o f plastic deformation influence the damage 
growth in material during a dynamic overloading. Also it was shown, that for the tested 
steel the most dangerous case was the dynamic overloading carried out on yield drop and 
ultimate strength. The range o f disorder o f specific w ork o f steel fracture, in the view o f 
the inllucnee o f dynamic overloading o f one intensity ai different stages o f deformation, 
achieves 30%. On the basis o f new experimental data two approaches for modeling o f the 
processes o f deformation and fracture o f plastic steel in the view o f the influence o f 
dynamic overloading are offered and approved.
16
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2.5 Shear Bolted Connection
There has been much research conducted in the past several years on the analysis o f 
bolted shear lap joints, but only a few studies on connections with high strength are 
available. K im  and Yura [25] presented the experimental results from tested one- and 
two-bolt connections made o f S460. The testing data have been compared the bearing 
resistances to AISC specifications and the Eurocode 3 standard. It was shown that steels 
with an ultimate-to-yield ratio equal to or greater than 1.13 do not influence the strength 
at a displacement o f 6.35 mm. Tested connections with the same geometry have been 
conducted [26,27], but with steels o f S700 and SI 100. They also studied the block shear 
on welded I-sections in HSS and tested tension connections with splice plates [21]. 
Experimental research on single bolt connections for high strength steel S690 has been 
conducted with proposed recommendation o f edge distance equal to bolt diameter [28].
The paper from Rogers et al. [29] provided a summary o f results detailing the 
behaviour o f bolted connections tested in shear, which were composed o f 0.42 mm G550, 
0.60 mm G550, and 0.60 mm G300 sheet steels. Recommendations concerning the 
adequacy o f current design standards with respect to the design o f thin sheet steel bolted 
connections are made, along with the calibration o f applicable lim it states resistance 
equations for the three observed modes o f failure: end pull-out, bearing, and net section 
fracture.
The effect o f net cross-section failure on resistance and local ductility o f the 
splice lap connection has been investigated [30]. The effect on end and edge distances in 
bolted connections influenced on resistance and local ductility such as lower lim it for 
design resistance o f net cross section, design ultimate resistance o f the net cross-section. 
And design resistance o f the gross cross section. Formula N j.rj gives upper not lower 
limit. Net section failure starts at lower end distance. End distance less than 1.5 times 
diameter results no reduction for bearing value. Minimal distance from prEN 1993-1-12 
(12) were reasonable. Net cross-section failure was one o f the basic failures in structural 
elements subjected to tensile stresses. A defect in the structural element, for instance, a 
hole made by drilling or pinching, may obstruct the stress (low and may therefore cause a
17
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stress concentration. Due to the disturbance in stress flow, the material may start to yield 
at a load smaller than required to yield the gross area. The area o f the structural element 
subjected to yielding depends on the size o f the reduced cross-section and on the 
material’s strain hardening. I f  the material has no or limited ability o f strain hardening, 
then the concentration o f stresses may cause cracks in the material, resulting in brittle 
failure o f the net cross-section. On the other hand, the ability o f the material to harden 
results in the yielding o f the area in the vicinity o f the obstacle and the consequence is the 
elimination o f the stress concentration and ductile failure at a limited load. The selection 
o f the material to maintain ductility is also important Especially, high strength steels 
(I ISS) are less ductile that1, the usual mild structural steels.
Euthli el al. [3IJ tested two bolted connections in S460. They reported about the 
conservatism o f Eurocodc 3 bearing resistance and proposed the reduction o f minimal 
distances. A ll the connections have also been provided with different bolt spacing to 
observe the influence o f bolt spacing and edge distance. In all tests, the dimensions are 
such as to include failure o f the plate net cross section or bolt shear failure, since bearing 
resistance is to be investigated. The test results have confirmed that the minimum bolt 
spacing and edge distance specified in Eurocode 3 can also be used for steel grade S460. 
The experimental failure loads were compared with those determined from Eurocode 3 
and the results interpreted. Before a comprehensive design proposal can be formulated, 
additional tests on bolted connecdons in single shear may be required. The variation in 
the steel grade S460 in consideration o f ductility requirements is also not included in the 
present work. However, the tests indicated that the reduction o f the design bearing 
resistance prescribed in Eurocode 3 for edge distances less than 1.5 times the bolt hole 
diameter or 3.0 times the bolt spacing may not be necessary for the parameters in the 
tests. EC3 requires a reduction o f the design bearing resistance o f bolted connections 
loaded in shear when the edge distance ei<\.5do or bolt spacing p2<3.0do. For ci-\2d[) or 
/?2=2.4r/0, the design bearing resistance has to be reduced to 2/3. For values lower than 
<?2= 1.2^ /o or p i-lA do , no calculations are possible. For steel grade S460, EC3 also 
requires the same reduction rules as above for this higher steel grade. The evaluation o f 
the test scries on bolted connections on high-strength line-grained steel grade S460 
showed that this limitation was not necessary. The tests indicated that the reduction in
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bearing resistance for smaller c2 or />: did not need to be so large. For the investigated 
tests reported for steel grade S460, it was observed that a reduction o f the design bearing 
resistance was not required for edge distance ei>\.2do or bolt spacing pi>2Ado. In 
addition, the minimum edge distance and minimum bolt spacing may be reduced to at 
least C2=1.0^o and /?2=2.0<7o, respectively. However, a reduction o f the design bearing 
resistance o f 3/4 is then necessary for those minimum distances on the basis o f the 
present tests. Intermediate values may be interpolated.
2.6 Partially Restrained Connection
There have been much research conducted in the past several years on the analysis o f 
partially restrained connections in building design. The research included the analysis o f 
several types o f partially restrained connections to determine their moment rotation 
behaviour, and the development o f design procedures for partially restrained frames using 
these connections with hot rolled structural steel members. The research that has been 
done in this area is quite extensive so only research pertaining to the type o f connections 
and the types o f partially restrained frames used in this work w ill be discussed here. The 
most important part o f any partially restrained connection analysis is to obtain an 
accurate and easy way to determine the moment rotation curve. To develop these curves 
many different mathematical models have been developed such as linear, bilinear, multi­
linear, polynomial, cubic B-spline, power, and exponential [32]. In many eases the power 
model has been chosen for its case o f use and its accurate representation o f the moment 
rotation curve [33]. The power model is expressed in the following form for partially 
restrained connections:
where m = M /M u or the connection moment M, divided by the ultimate connection 
moment M u, 0= 6^ l0o , or the relative rotation between beam and column 0U divided by 
the relative plastic rotation, 0o = M u/R|<, which is the ultimate connection moment divided
0
(2.5)
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by the initial connection stiffness R ,^, and n is the power that changes the shape o f the 
curve. The larger the value o f n, the steepei the transition o f the moment rotation curve 
from the yield point to ultimate. Some o f the effects that arc neglected in this model are 
those due to torsion, lateral bending, shear, and strain. These effects tend to be minimal in 
normal connections and these omissions can be justified. Generalized connection 
parameters and equations have been developed for framing angle and plate connections, 
such as double web angle (DVVA), top and seat angle (TSA), top and seat angle with 
double web angle (TSAW) connections and flush endplate (FEP), to aid in the analysis. 
These connections are illustrated in Figure 2.4. The top and seat angles make up the 
moment couple in the connection while the top and seat angles with double web angles 
resist moment and shear. In the design o f the members with partially restrained 
connections, the first step is to design the member as i f  fully restrained at its ends. Using 
that member, the partially restrained connection can he modelled and the frame analyzed 
with the selected members. This design is then altered based on the moments calculated 
using a second order frame analysis. Several iterations may be needed to produce the 
most efficient design. The ideal result in any partially restrained frame is to balance the 
end and mid span moments. Doing such w ill produce the most efficient frame design. 
The top and seat angle with double web angle connection is used exclusively in the non­
composite, hot rolled member construction designs. This is done because this connection 
proves to be stiffer, thus reducing lateral deflections. Azizinamini [34] performed an 
extensive an detailed experimental study for top and seat angle connection with double 
web angles.
For composite connections, it was suitable to use flush endplate connections to 
achieve a stiffer connection. In general, flush endplate connections are welded to the 
beam end along both the flanges and web in the fabricator's shop, and bolted to the 
column in the field. Davison et al. [35] carried out a series o f static cruciform 
experiments on a variety o f different jo in t typologies including flush endplate joints. Xiao 
et al. [36] conducted a series o f experiments on composite connections. The goal o f the 
test series was to compare the behaviour o f different joints in terms o f rotational stiffness, 
ductility and moment resistance capacity. Flush endplate joints displayed large 
differences in behaviour depending on whether the endplate was connected to the column
20
Literature Review
web or the un-stiffened column flange. Specimens with and without beam flange welds 
were tested, and similar performances observed. It was noted that the use o f a lighter 
column section reduced the initial rotational stiffness while increasing the ductility o f the 
jo int.
Due to the increase o f rectangular hollow sections in mainstream structures 
coupled w ith the economics o f prefabrication that produce the application o f tubular 
connections. Bolted endplate connection using tubular beam (EPTB) consists o f a plate 
welded to hollow section beam and bolted to the other plate welded to the column. 
Hollow section beam splice connections have been investigated by Wheller et al. [37], 
which can be developed into an EPTB connections by the other beam replaced into 
column as shown in Figure 2.4.d. W illibald et al. [38] carried out experimental on bolted 
connections for RHS tension members.
J l —Q.
a) DWA b) TSAW
c) FEP d) EPTB
Figure 2.4 a) d) Partially Restrained Connections
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An experimental investigation o f the seismic behaviour o f flush endplate joints 
was presented in [39]. Beam-to-column sub-assemblage specimens are tested under 
monotonic and cyclic loading conditions. The model can be used to predict the mode o f 
failure well, but to ovcr-prcdict stiffness and undcr-predict moment capacity. Design 
resistance o f un-stiffened column web subject to transverse compression in beam to- 
column joints has been proposed [401. Mush endplate and extended endplate have been 
investigated o f resisting concentrated compressive force by the smaller o f crushing and 
buckling resistances. Investigated experimental behaviour o f endplate beam-to-column 
jo in t under bending and axial force has been conducted [41 ].
Experimental behaviour o f high strength endplate connection has been conducted 
by (Jirao Coclho ct.al [42]. The use o f high strength steel in construction is to minimise 
the cross-section dimensions with high yield ratio and limited deformation capacity when 
compared with mild steel grade. Experimental investigation was undertaken o f moment 
connection with endplate made up o f high strength steel S690. The major contribution o f 
this study are (i) the characterisation o f the non-linear behaviour (ii) the validation o f 
current Eurocode 3 specifications and (iii) the ductility analysis o f high strength steel 
moment connections. The test result show that the tested connections satisfy the current 
design provisions for stiffness and resistance and achieve reasonable rotation demands.
Kukreti et a l .  [ 43 ]  p r o v i d e d  a n  a n a l y t i c a l  r e l a t i o n s h i p  between moment and 
rotation for flush moment endplate connections. The authors considered a range o f 
connection geometry compatible to the metal building industry. Hasan et al. [44] 
presented insight into the stiffness and strength requirements o f moment endplate 
connections to be considered as FR connections. By analyzing frames composed o f 
connections with known moment-rotation characteristics, the authors concluded that 
connections with an initial stiffness K| > 106 krip-in/rad should be considered as FR 
connections. A similar classification system for rigid and semi-rigid connections was 
proposetl by Goto and Miyashita [45] for general connections.
Foley et al. [46] considered the typical moment-rotation characteristics o f moment 
endplate connections. The analysis and design o f steel frames composed o f semi-rigid 
connections was considered by C’orie and Markovic [47], Elghazouli [48J, Yu et al. [49],
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Rodrigues et al. [50], and Fu et al. [51]. Leon [52] discussed PR composite frame design 
and analysis. Brown et al. [53] presented a method to determine easily the stiffness o f 
semi-continuous connection when one or two bolt-rows arc in tension. This provides a 
basis for determining the sway o f an un-braced frame, or estimating the serviceability o f 
a braced one. The proposed method showed good agreement with tests on the standard 
connections and on similar forms o f joint.
2.7 Finite Element Modelling
The literature is Filled with papers that use the finite clement method to predict the 
behaviour o f  different types o f steel connections under static loading. In fact, there are 
several that consider only moment endplate connections. However, the limitations o f 
these works are readily apparent and can be listed as general limitations present in most 
o f the current rescareh on this topic. First, the angle-cleat and endplate behaviour, and not 
bolt forces, is the prime concern. The angle and endplate strength for most PR connection 
configurations has been well defined in the literature. However, most bolt force 
prediction schemes have been shown to be impractical for design applications.
Almost all the papers use truss elements to represent die entire bolt and the results 
are extremely limited. Second, all o f the papers on this topic only consider small endplate 
configurations (i.e., flush or four-bolt extended). The main reason for this is that these 
smaller connections provide more flexib ility than larger ones. This is needed for efficient 
PR connection design applications. Finally, the theme o f most papers is the adequacy o f 
the finite element method in determining the connection's behaviour. Very few 
applications are made.
Research by Krishnamurthy and Graddy [54] was one o f the earliest papers on the 
appropriateness o f the finite element method for studying moment endplate connections. 
The paper has many features that can be criticized, but given the computer resources o f 
the time, the limitations in the analysis are expected. The authors attempted to correlate 
the results from an elastic, three-dimensional, finite element analysis to those from an
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elastic, two-dimensional, finite element analysis. The main reason for this correlation was 
that at the time, computer resources that were needed to consider the problem three- 
dimensionally were not economically feasible. Thirteen commonly used four-bolt un­
stiffened moment endplate connections were modelled using two-dimensional three- 
noded constant strain elements and eight-node brick elements, respectively. The 
connections were examined under pretension alone and pretension plus some fraction o f 
the expected service load. Plate separation between the endplate and the support, which is 
modelled as a rigid column flange, and vertical plate bending stresses are compared 
between the two models using correlation factors. The intent was that these factors could 
be used to extrapolate results for other connection configurations without the expense o f 
a three-dimensional model. The solutions for the connections were obtained by trial and 
error in order to represent the contact problem between the endplate and the rigid flange. 
Since contact algorithms were not available at the time, the user had to turn o ff spring 
elements upon each iteration i f  contact was not made at some location on the endplate. 
The authors admitted that the mesh refinement o f their model was very limited. This was 
important since three-node constant-strain elements provide highly inaccurate results for 
a coarse mesh. The correlation factors they developed might be arbitrary i f  the model was 
yielding improper results. In conclusion, the idea o f correlating a two-dimensional model 
to a three-dimensional model was no longer necessary, as three-dimensional models were 
easily constructed.
Bursi and Jaspart [55] summarized part one o f a two-part investigation o f finite 
clement modelling o f bolted connections. It presents a validation for the purpose o f the 
study, which was to show that finite element programs can be used to accurately predict 
the behaviour o f moment endplate connections. Tee stub connections are first modelled 
to determine the accuracy and/or calibration required when using finite elements to model 
connection behaviour. Using the LAGAiVlINF software package, the models are 
constructed using both hexahedron (more commonly called brick) and contact elements. 
The contact elements utilize what is called a penalty technique. I Icre, a value is chosen as 
a penalty parameter and is similar to placing a spring between two bodies. Contact is 
simulated only for displacements within this given penalty value. Friction caused by the 
sliding and sticking between bodies is modelled with an isotropic Coulomb friction law.
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Nonlinear finite element analysis that considers large displacements, large rotations, and 
large deformations was used. Loads were applied using displacement as the controlling 
parameter. For the bolts, the additional flex ib ility  provided by the nut ar.d threaded region 
o f the bolt were taken into account by using an effective length o f the bolt. Due to the 
symmetry o f the tee stub connection, only a quarter o f the connection was modelled. 
Preloading forces in the bolts were taken into account by using applied initial stresses. 
The material properties were modelled using piece-wise linear constitutive laws for the 
material from experimentally tested connections. For several o f these experimentally 
tested connections, a finite element analysis was performed. The finite element results 
compared quite nicely to experimental results. There was a slight difference in deflection 
values at the onset o f yielding, which was primarily due to the presence o f residual 
stresses in the actual tee stubs which was neglected in the finite element models o f these 
members.
Research by Bursi and Jaspart [56] was the second part o f the two-part 
investigation by the authors. This paper uses the finite element method and the ABAQUS 
finite element code to analyze four-bolt un-stiffened extended moment endplate 
connections under static loading. The purpose o f the study was to examine the stiffness 
and strength behaviour o f these connections. The finite element results are compared to 
those from an experimental study. Lndplate rotation and bolt forces are both considered. 
The authors' intent is to show the feasibility o f using the finite element method via 
commercial codes to determine moment-rotation characteristics o f semi-rigid 
connections. Although dynamic characteristics o f these connections are not considered, 
the authors do consider thin cndplatcs mainly for their ability to behave in a ductile 
manner when plate yielding occurs.
The finite element model considered by the authors was quite complex. The bolt 
and bolt head were modelled using beam elements. Both preloaded and non-preloadcd 
bolts were considered, but only bolts in the tension region arc included. The endplate and 
beam elements were eight-node brick elements that allow plasticity. Contact elements 
were used to describe the interaction between the endplate and the rigid column flange. 
Around the bolt holes, nodes were constrained in the direction perpendicular to the face 
o f the endplate.
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This assumption was very lim iting, as tests and other finite element studies were 
shown that endplates tend to pull away from the column flange even at the bolt locations. 
Other than friction forces taken by the contact elements, there were no lateral constraints 
mentioned in the paper. However, results were obtained even for the zero friction case, 
which should result in divergence due to a singular stiffness matrix. Thus it was assumed 
that some other boundary condition was provided, but not discussed. By comparison with 
experimental results, the results indicates that the model predicted the cndplate moment- 
rotation characteristics quite accurately. However, the boll forces were not recorded 
experimentally and no comparison is made. The bolt axial force versus beam flange force 
seemed reasonable in the plots provided.
Bursi and Jaspart [56] presented basically the same results as the paper discussed 
in this section and is not considered separately. Bursi and Leonelli [57] presented some 
additional results that were not discussed in Bursi and Jaspart [55]. Tw'enty-node brick 
elements were used to model the beam and plate material. Contact elements were used to 
represent the endplate/culumn-flange interaction problem. Once again, beam elements 
were used to model the bolts, but here the bolts are pre-tensioned to a snug tight 
condition. The column flange was considered rigid. Endplate rotation and bolt loads were 
examined using the finite element model. Fairly good correlation with experimental 
results is obtained. A direct application o f Richard and Abbott [58] were used to describe 
the analytical results obtained from the finite element model. Using the finite element 
method was to obtain the elastic stiffness, the inelastic stiffness, the plastic failure 
moment, and the ultimate applied moment for the connection. Where all the parameters 
were obtained from the results o f a finite element analysis.
Research by Sherboume and Bahaari [59] was the first part o f a two-part study 
that aimed to describe the momeni-rotation' characteristics o f moment endplate 
connection using results obtained from the finite element method. A three-dimensional 
finite element model o f unstiffened endplate connection w'as developed using ANSYS 
finite element code. The bolt shank w'as modelled using link elements and initial bolt 
strains arc applied to model a snug tight condition. The bolt head and nut were made 
continuous with the endplate and column tlange, respectively. Contact elements were 
used to describe the endplate to column-flange interaction problem. Material non­
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linearities were included in the analysis. Moment rotation curves produced by finite 
clement model were very similar to those o f a previous experimental study. The column 
side o f the connection was also considered, and the role played by the column flange 
strength in providing additional rotation were discussed. The most intriguing part o f this 
study was to consider the effect o f  geometric parameters o f the endplate configuration on 
the moment-rotation curve developed using the finite element method. The effects o f 
column flange stiffening, endplate thickness, bolt size, and bolt gauge were all shown 
graphically.
Gebbeken et al. [60] investigated different finite element modelling techniques to 
investigate the important criteria for describing moment endplate connection behaviour. 
Also, the authors discussed the results o f a parametric study to determine which elements 
o f the connection provide significant amounts o f connection flexibility. The four-bolt un­
stiffened extended endplate connection was considered, first, a two-dimensional model 
was used. The material stress/strain relationship is represented as a bilinear function, 
fric tion between the column llangc and the endplate was neglected. The results from this 
analysis were poor since strength predictions are very un-conservative when compared to 
experimental results. The three-dimensional model used by the authors provided some 
limited success in predicting the moment-rotation characteristics o f the connection. The 
description o f the finite element model was vague, yet it is mentioned that brick elements 
were used. Also, the figures in the paper made it appear that a tee stub and not an actual 
endplate was considered. In some cases the results were accurate, but in others the 
strength is o ff by 50% or more, possibly suggesting inadequate modelling assumptions. 
Rothert et al. [61] presented similar results and findings based on the same research.
There were several other papers that consider topics dealing with finite element 
modelling o f moment endplate connections, or finite element modelling o f steel 
connections for seismic design. Bahaari and Sherboume [62] used the ANSYS finite 
element program to develop a two-dimensional finite element model o f four-bolt 
unstiffened extended moment endplate connections. Sherboume and Bahaari [63] 
discussed the results from a three-dimensional finite element model o f the same 
connection constructed using ANSYS. In particular, sources o f rotation were tracked for 
the column flange, the bolts, and the endplate. It was shown that the column Mange
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provided little  rotation when it was stiffened. Choi and Chung [64] investigated the most 
efficient techniques o f modelling four-bolt unstiffened extended endplates using the finite 
element method. Bose et al. [65] used the finite element method to analyze flush endplate 
configurations. Troup et al. [66] applied ANSYS to model four-bolt extended unstiffened 
endplates w ith shell elements. Leon and Swanson [67] discussed the effectiveness o f 
bolted connections in moment-resisting frames. Fanning et al. [68] studied a non-linear 
finite element analysis o f semi-rigid bolted endplate connections.
Sherboume and Bahaari [63] presented an analytical method based on finite 
element modeling to study the moment-rotation relationship for a steel bolted connection. 
The shell element approach has been used to model the beam, column and endplate. The 
finite element code ANSYS was used for the equivalent 3-D analysis. The contributions 
o f various connection components, like bolts, endplate and column flanges on the 
flexib ility o f the connection was identified. Parametric studies related to various 
geometric parameters o f bolted endplate connections subjected to plane bending were 
carried out by Gebbeken et. al. [60], These studies aimed at determining the influence o f 
these parameters on the flex ib ility  o f the connection. The main emphasis has been given 
to the consideration o f material non-linearity, contact between deformable members and 
to the accurate finite element modelling.
Bursi and Jaspart [60] presented an analytical method based on finite element 
modelling to study the moment-rotation relationship for a steel bolted connection. The 
finite element code ANSYS was used for equivalent 2D analysis. Based on the 
deformation and stress contours o f the 21) model the contribution o f the beam web to the 
behaviour is discussed from which two types o f endplate deformations can been 
identified. Sherboume and Bahaari |7()| studied the stiffness and strength o f;  T-stub to 
the unstiffened column flange bolted connection in a 3D framework using Unite element 
methodology. The finite element code ANSYS was used for the study. Two elementary 
T-stub connections were proposed as benchmarks in the validation process o f finite 
element software packages for bolted connections and a rational approach that leads to an 
accurate simulation o f these connections by means o f a 3-D model.
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Bursi and Jaspart [55J provided an overview o f the current developments for 
estimating the moment-rotation characteristics o f bolted moment resisting connections 
and tried to establish a legitimate methodology for the finite element analysis o f extended 
endplate connections. Three-dimensional finite element models were provided for 
preloaded and non-preloaded bolted T-stubs, which were proposed as benchmarks. A 
solid model and an assemblage o f three-dimensional beam finite elements were proposed 
to model the bolt behaviour. A  3-D nonlinear finite element model suitable for analysis o f 
isolated extended endplate connections was proposed and validated. Troup et al. [66] 
presented a numerical model, based on the finite element method, to predict the moment 
and rotation characteristics o f connections. The finite element analysis o f a simple T-stub 
connection and an extended endplate connection was carried out using ANSYS. The 
numerical model was calibrated against experimental results from full-scale testing o f 
bolted endplate connections. On the basis o f the results obtained it was suggested that 
solid elements were suitable for simple connection problems but shell elements are best 
suited for more complicated structures like beam to column connections.
Yang et al. [71] developed a 31) finite element model using ABAQIJS to study 
the response o f double angle connections subjected to axial and shear loads. For this 
study steel angles with three different thickness were analysed. The angles were 
considered welded to the beam web and bolted to the column flange. Thus a humber o f 
experimental as well as analytical studies have been carried out which investigate the 
behaviour o f steel connection. Both 2D and 3D finite element models have been 
employed to investigate the behaviour o f these connections. However a major portion o f 
these studies considered static loading. Information regarding the behaviour o f steel 
connections subjected to dynamic loads is based on experimental data where the steel 
connections are subjected to cyclic loads that ‘simulate seismic loads. Thus limited 
information is available regarding the behaviour o f steel connections subjected to high 
rate dynamic loading such as blasts. Hence the proposed research aims at providing a 
better understanding o f the behaviour o f steel connections subjected to high rate dynamic 
loads and also to address some issues regarding the finite element modeling o f steel 
connections.
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Fanning et al. [68] presented an ANSYS finite element model for Hush endplate 
joints. The model uses a series o f solid elements employing material properties 
determined from the actual specimens. Material non -linearities, contact surfaces and large 
deflection analysis were included in a non-linear solution. The model proved capable o f 
predicting the moment capacity o f a flush endplate joint to within 5% o f that measured in 
an increasing displacement amplitude cyclic test. While the computational requirements 
for the model are significant, compared with the ITirocode 3 model, a significant 
improvement in the initial stiffness prediction is seen.
Danesh et al. [72] investigated the study focused on the moment-rotation 
behaviour o f  bolted top and seat angles with double web angle connections, especially the 
initial stiffness o f this type o f connection under the combination o f shear force and 
moment. Several 3D parametric finite clement models were presented for this purpose, 
with the geometrical and mechanical properties o f connections are as parameters. In the 
models, all the connection components such as beam, column, angles and bolts are 
modelled using eight-node brick elements. The effects o f all component interactions, 
such as slippage o f bolts and frictional forces, were modelled using a surface contact 
algorithm, and to evaluate the connection behaviour more precisely, bolt pre-tensioning is 
applied on the bolts shanks as the first load case. To evaluate the effect o f shear force on 
the behaviour o f such connections, several models were analysed under different 
magnitudes o f shear force, and the results o f the analyses showed that the shear force has 
a reducing effect on the initial stiffness o f bolted angle connections. Therefore, an 
equation was proposed to determine the reduction factor o f a connection’s initial stiffness 
in terms o f the connection’s initial stiffness and yield moment in the case o f no shear 
force, and any expected shear force that might be applied.
Citipitioglu et al. [73] studied an approach for refined parametric three- 
dimensional (3D) analysis o f partially-restrained (PR) bolted steel beam-column 
connections. The models included the effects o f slip by utilizing a general contact 
scheme. The effect o f several geometrical and material parameters on the overall 
moment-rotation response o f two connection configurations subject to static loading was 
studied. Models with parameters drawn from a previous experimental study o f top and 
bottom seat angle connections are generated in order to compare the analyses with test
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results, with good prediction shown by the 3D refined models. The proposed 31) 
modelling approach was a general one and can be applied for accurate modelling o f a 
wide range o f other types o f PR connections. A clear effect o f slip and friction, between 
the connection components was shown with connections having thicker (stiffer) seat 
angles. This study demonstrates the effects o f clamping through the bolts and contact 
between the components on the overall non-linear moment-rotation response. Equivalent 
moment-rotation responses o f pull-test simulations are compared to FE model responses 
o f fu ll connections without web angles. The moment-rotation from the pull test was 
shown to be equivalent to that o f the full FE model for small rotations. As the rotation 
increases a softer response is shown by the pull tests.
An analytical procedure was proposed to establish the nonlinear moment-rotation 
(M-0) characteristics for the bolted endplate connections in flexibly jointed steel frames 
[74J. The connection characteristics were assumed to depend on the component 
behaviour o f the tension /one. the compression /.one, and the shear /one. The column 
llange and endplate with each bolt row in the tension /one are considered as a series o f T- 
stub assembly with the effective length recommended by the Eurocode 3. Based on the 
beam and yield-line theory, the elastoplastic force-deformation relationship for each T- 
stub assembly was derived. With the consideration o f the deformation o f column web in 
compression and shear zone, the connection rotation ({) under bending moment M was 
evaluated accordingly. The proposed analytical model was compared with some 
experimental results o f extended and Hush endplate connections, and the feasibility and 
validation o f the proposed model are demonstrated.
The behaviour o f angle bolted connections with high strength steel has been well 
predicted in [75]. The finite element code ANSYS was used for the equivalent 3-D 
analysis. A finite element model with three dimensional shell and solid elements was 
established to investigate the structural performance o f bolted connections between 
carbon steel and high strength steel angle cleats. The result showed that the effect o f 
angle thickness gave slightly change o f the initial stiffness whilst the thicker one w ill 
pronounce on the slippage o f TSAW connection.
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A finite element modelling o f beam-column bolted connection with simplified 
approach was proposed [761. The finite element code ANSYS was used for the equivalent 
3-D analysis. The authors admitted that how simplified finite element modelling o f DWA 
and TSA connection with shell elements might predict structural performance with 
reduced number o f elements and degree o f freedoms. The connection capacity o f a high 
strength thicker angle o f TSA connection was slightly more than that o f DWA connection 
except for the connection with higher beam depth and very high strength angles. The 
higher angles gave significant proportion o f maximum stress distribution, when the beam 
and column were kept with lower stress.
Reference [77] presented a three dimensional finite element modelling o f flush 
endplate (FEP) with high strength steel using ANSYS. Non-linear 3D continuum 8-node 
isoparametric solid elements were used for all parts o f the connection to investigate the 
structural performance o f FEP connection between mild carbon steel and HSS. The effect 
o f plate thickness and higher strength endplate gave significant increase on the moment 
capacity o f the connection. The high strength endplate gave significant proportion o f 
maximum stress distribution whereas the beam and column are kept with mild steel 
grade.
A three dimensional finite element methodology to predict the behaviour o f 
bolted endplate connection with hollow section beam has been studied [78], Using the 
ANSYS software package, the models were constructed using both octahedron 
isoparametric (more commonly called brick) and contact elements. The analysis result o f 
moment-rotation relationship and behaviour characteristic o f the connection with mild 
carbon steel and high strength steel were compared and discussed. Ii was foun 1 that bolt 
configuration, endplate properties and beam geometry were important parameter for 
accurate prediction o f endplate bolted connection behaviour with high strength steel 
endplate.
Reference [79] presented a three dimensional finite element modelling o f endplate 
semi continuous composite connection with high strength steel using ANSYS. Non-linear 
3D continuum elements o f concrete, steel and shear connectors were used to model the 
connection. The proposed models were compared using a simplified approach using
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spring stiffness analysis. From these models it w ill be possible to establish suitable design 
methods utilising the strength and stiffness o f semi-continuous composite connections 
with high strength steel.
An approach for three dimensional (3D) Finite element analysis was established 
by rigorous application o f ANSYS to investigate behaviour o f partially restrained (PR) 
connection with cold-formed high strength steel section [80]. A refined model approach 
was proposed to predict connection behaviour within angle cleat and bolt. The analysis 
results o f the moment-rotation relationship and behaviour characteristic o f the connection 
with different steel grade were compared and discussed. It was found that contact element 
and strength enhancement o f the comer regions employed in the model were very 
important parameters for accurate prediction o f PR connection behaviour with high 
strength steel. The moment capacity prediction o f TSA connections based on ECS shown 
to be reasonable compared with FE modelling. The high strength angles gave significant 
proportion o f maximum stress distribution close to their ultimate stresses, whereas the 
beam and column are kept with mild carbon steel. Taking into account strength 
enhancement o f comer region gave slightly increasing in ultimate moment capacity.
Development o f moment-rotation model equations for flush endplate connection 
was studied bv Abolmalli et al [81]. The authors used the development of Ramberg- 
Osgood and Threc-Paramater Power Model prediction equations for the moment-rotation 
(A 1-9) behaviour o f FEP connection with one o f bolts below tension and compression 
flanges. A finite element model (FEM) using ANSYS o f the connection region along 
with the connected beam and column has been developed for load deformation analyses, 
which included material, geometric, and contact non-linearity. The models were 
developed by varying the flush endplate’s geometric variables within their practical 
ranges. Regression equations were developed for the prediction model, which predicted 
the M -0 relationship closely, with more accurate model being the Three-Parameter Power 
model.
Faella et al. [82] considered the theory and design o f steel semi-rigid connections 
and contains a chapter specifically on moment endplate connections. Design procedures 
presented for extended endplates based on yield line theory were very complex and are
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modified to correlate with test results. Yield line patterns for the lim it states o f endplate 
bending only considered the part o f the plate above the tension flange. This was abnormal 
since sufficient experimental testing exists to showed that most o f the endplate yielding 
takes place inside the beam flange.
2.8 Needs for Further Research
The need for bigger capacity and performance o f bolted connections using stainless and 
high strength steel is presented in Chapter 1, where it is shown that current code 
requirements and design recommendations are leaning away from allowing connection 
yielding as a structure’s primary source o f inelastic behaviour. However, as shown in this 
literature survey, very little research on bolted connections configuration with high 
strength and stainless steel for both experimental and finite element modeling has been 
conducted. What is available on bolted connections usually only presents the results o f 
experimental testing with mild carbon steel. Papers dealing with finite element modeling 
o f bolted connections deal almost exclusively with simple detailing e.g. the four-bolt 
flush-endplate connection and the shear joint. This is primarily due to its common use, 
relatively well-understood behaviour, and modeling simplicity. It is evident in the 
research discussed in this chapter that the finite element method has evolved significantly 
over the years. Crude models o f bolted connections have become very refined and 
required correlation factors have become more clear, since one can effectively model all 
the components o f the connection more accurately. However, as discussed in the previous 
sections o f this chapter, limitations or assumptions established in previous studies should 
be addressed, and the research o f this thesis aims to provide the more accurate and 
detailed models o f PR and shear connections. Using this proposed model (Chapter 3), the 
FE model are validated against previous related experimental result Chapter 4), the finite 
element development using HSS and SS is used to investigate the behaviour o f the 
connections, a parametric study o f the effects o f high strength and stainless steel material 
on connection response is presented (Chapter 6), and a design procedure for bolted 
connections with HSS and SS is developed (Chapter 7).
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C h a p te r  3
Introduction of Finite Element Modelling
3.1 Introduction
Computer modelling is required to provide a comprehensive understanding o f the process 
behaviour and rapid evaluation amongst design alternatives and optimization. Finite 
element modelling also provides a reduction in the cost o f physical testing. In structural 
steel connection analyses, one o f the most critical analytical steps is the modelling 
process. The modelling o f any structure begins with an accurate representation o f its 
members and components hence allowing for a realistic, economic and safe design. The 
most d ifficu lt part o f structural analyses is to develop an accurate model that w ill 
correctly represent the total structural system. In many cases it is impossible to represent 
any building structure exactly with a model without making some general assumptions. 
For instance, structural materials are assumed to deform according to basic mechanics o f 
materials. This assumption is reasonable for modelling purposes whilst bearing in mind 
possible ‘ real word’ issues, such as changing weather conditions, standards o f 
construction and the actual consistency o f the material. In developing a model there are 
different levels o f precision that can be achieved, reflecting in large part o f the structure, 
time allocated for design, cost o f engineering and the uniqueness o f the geometry or 
loads.
Designs developed in this project research have focussed on structures o f ordinary 
geometry and loading. The only uniqueness is in the presence o f bolted connections. This 
means that many o f the modelling methods used on typical steel connections w ill not
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work. Because most companies use computers in the analyses o f steel structures, there are 
many software packages designed to analyze structures. Some programs can not represent 
detailed connection behaviour due to limitation on the element types available. So for this 
reason a general purpose finite element package, ANSYS 10.0, is used to analyze the 
steel bolted connections and frames [83].
Finite Element Analyses (FEA) enables evaluation o f a detailed and complex 
structure, in a computer, during the planning o f the structure. The demonstration in the 
computer o f the adequate strength o f the structure and the possibility o f improving the 
design during planning w ill generally justify the cost o f this analytical work. FEA has 
also been known to increase the rating o f structures that were significantly overdesigned 
and built many decades ago.
In the absence o f FEA (or other numerical analyses), development o f structures 
w ill be based on hand calculations only. For complex structures, the simplifying 
assumptions required to make any calculations possible can lead to a conservative and 
heavy design. Further, there w ill likely be considerable insecurity in evaluating whteher 
or not the structure w ill be adequate for all design loads. Significant changes in designs 
involve risk. Designs w ill require prototypes to be built and field tested. The field tests 
may involve expensive strain gauging to evaluate strength and deformation. By using 
FEA, the weight o f a design can be minimized, and there can be a reduction in the 
number o f prototypes built. Field testing w ill be used to establish loading on structures, 
which can be used to do future design improvements via Finite Element Analyses.
FEA is a computer-based numerical technique for calculating the strength and 
behaviour o f engineering structures. It can be used to calculate deflection, stress, 
vibration, buckling behaviour and many other phenomena. It can be used to analyze 
either small or large-scale deflection under loading or applied displacement. It can 
analyze elastic deformation, or "permanently bent out o f shape" plastic deformation. The 
computer is required because o f the large number o f calculations needed to analyze a 
large structure. The power and low cost o f modern computers has made FEA available to 
many disciplines and problems.
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In the finite element method, a structure is divided into many small simple blocks 
or elements. The behaviour o f an individual element can be described with a relatively 
simple set o f equations. Just as the set o f elements would be joined together to build the 
whole structure, the equations describing the behaviours o f the individual elements are 
joined into an extremely large set o f equations that describe the behaviour o f the whole 
structure. The computer can solve this large set o f simultaneous equations. From the 
solution, the computer extracts the behaviour o f the individual elements. From this, it can 
get the stress and deflection o f all the parts o f the structure. The stresses w ill be compared 
to allowed values o f stress for the materials to be used, to see i f  the structure is strong 
enough.
3.2 The Constitutive Modelling
Finite element model may be categorised as being 2D or 3D. Choice o f model 
dimensionality and related element types w ill often determine which method o f model 
generation w ill be most practical for particular problem. ANSYS has different type o f 
models viz, 2-D solid models, 3-D shell models and 3-D solid models.
a) 2-D solid models
These type o f models are used for thin planar structures (plane stress), infinitely long 
structures having a constant cross section (plain strain), or symmetric ax solid 
structures. Although many 2-D analyses models are relatively easy to create by direct 
generation methods, they are usually easier to create with solid modelling.
b) 3-D shell models
3-D shell models are used for thin structures in 3-D space. Although some 3-D shell 
analyses models are relatively easy to create by direct generation methods, they are 
usually easier to create with solid modelling.
c) 3-D solid models
These models are used for thick structures in 3-D space that have neither a constant 
cross section nor an axis o f symmetry. Creating a 3-D solid analyses model by direct
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generation methods usually requires considerable effort. Solid modelling always 
makes the job easier.
3.2.1 The theory of finite element
The best representation for structural steel modelling in the finite element analyses is the 
three-dimensional model. Three-dimensional models can show the appropriate and 
realistic dimensions o f steel structures. ANSYS software is a sufficient tool to handle the 
complexity o f the three-dimensional structural steel connection model. Therefore, the 
concept o f a three-dimensional hexahedral element w ill be presented. That element is 
similar to the steel clement that was used in this investigation. The hexahedral clement 
(or a brick element) is a typical eight nodes 3D solid finite element (Figure 3.2) with 
three translational degrees o f freedom (DOF) per node1841 along the x, y and z axis. A 
consistent scheme must be followed in node numbering for connectivity definition. The 
nodal displacement vector can be presented as follows:
q = [qi>q2, qj, —  ,q24]1 (3.1)
r/v,
(3/-2
Figure 3 .1 Fight-node hexahedral element
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The stress and strain tensors can be expressed as follows:
a  = [ar, oy, o-, Tj-, i vr, t,v]T 
e = [Et, ev, £-, yv-, y.v_-, yn] '
(3.2)
(3.3)
The total potential energy has two parameters: the stress a and the strain e. The a 
can be expressed in the stress-strain relationship and can be given as follows:
a  = De (3.4)
Where I) is the tangent modulus, which is a symmetric matrix for the isotropic 
material model that has a dimension o f (6X6). In the case o f linear elasticity this tensor is 
given by:
D =
(l + v X l-2 v )
-  V V r 0 0 0
r 1 - v V 0 0 0
V V 1 - v 0 0 0
0 0 0 i
o
0 0
0 0 0 0 p 1 0
0 0 0 0 0 0 . 5 -
(3.5)
The strain s can be expressed as: 
£ = Bq (3.6)
The strain-displacement relationship can be given as:
£ = ( du ' ( d v '  
\ (1) f
( Tw dv dw 
, f>z dy
x ( uu d'u1 ^
j  V dz Tv j
ait Ov 
rv Tv
(3.7)
The shape function can be used to define displacement inside the element at any 
point expressed in its nodal values1^ 1:
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u = N/q i + Njqj + ... + Nsq:i (3.8)
v = N iq 2 + N:q$ + ... + Nsq:s (3.9)
w = N/q jt + N:q6 + ... + Nsq:4 (3.10)
The displacement can be expressed in terms o f unknown nodal values as:
u = Nq
Where N is the matrix o f shape functions relating to the continuous field o f displacement, 
and is expressed in the following equation:
0 0 ^2 0 0 . . . Ns 0 0 '
N = 0 (V, 0 0 /V, 0 . . 0 N* 0 (3.11)
0 0 *1 0 0 ,V; . . 0 0 A's
Where yV,- has been given for an S nodes hexahedral as follows:
N, = - (1  + §/5)( 1 + q, q)( I + Ci Q (3.12)
Where i is the node number from 1 to 8. q, £ and q are the natural or local 
coordinate system o f any point in the e lem enta l Using a numbering system (Figure 3.2) 
the shape function can be obtained, for example, to calculate the shape function for node 
1 in the hexahedral element, the corresponding coordinates for the natural coordinate 
system , q, and Q on node number 1 are 1 (-1, -1, -1), therefore the shape function for 
node 1 w ill be as follows:
/ / , =  ! ( !  +( - ! )$) ( !  + ( - l ) q ) ( l + ( - l ) Q  (3.13)
W / = - (  l - « ( l - q ) ( l - 0  (3.14)
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Following the steps in equations (3.13) and (3.14) the shape function o f all nodes 
can be calculated.
4 (-1. 1.-1}
Figure 3.2: The hexahedral element in the c, q, C, space.
The coordinate o f a point within the element in terms o f nodal coordinates by using 
the same aforementioned shape functions1*31 can be expressed as follows:
x = N/. v i + Nj .Vj + ... + NtiXa (3.15)
v = jV/V/ + + ... + (3.16)
z — N/Zi + Nj i j  + ... + N,cs (3.17)
The shape function obtained from equation (3.13) and (3.14) can be substituted in
equations (3.15), (3.16) and (3.17) and the derivative taken. Thus the Jacobian matrix
(3X3) for the hexahedral element can be obtained.
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By introducing a new tensor,
r  = J 1 (after [87]) (3.19)
The strain displacement tensor matrix, B, is given by the following expression:
B = TN (3.20)
The dimension o f the strain displacement tensor matrix depends on the number o f 
nodes, the degree o f freedom o f each node as well as the components in the stress and the 
strain tensors. In this particular case it has a dimension o f (24x6).
The strain energy yields to the discrete form o f strain energy equation which is the 
element stiffness matrix for the hexahedral element, which can be assembled as follows:
Where det J is the determinant o f the Jacobian matrix. It is a measure o f the distortion o f 
the element when mapping from the basis to the real space. Yielding to the assembly o f 
strain energy as:
i i i
(3.21)
-i-i-i
(3.22)
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The potential term associated with the body force is expressed as:
i i i
f uTf  dV => qT f f f N'1 f  det J dcdr/dC (3.23)
The potential term associated with the external traction force is expressed as:
|  ut T dS => qT |  N ' T  dS (3.24)
s
In this section, the finite element formulation o f spar element is presented. The 
theory o f the linear and nonlinear behaviour o f the spar element w as discussed in detail in 
previous section. The spar element is not capable o f bearing bending loads and a uniform 
stress over the entire element is assumed. A ll finite element formulations o f this element 
are generated in its coordinate system and then, they are converted to the global 
coordinate system. Figure 3.3 is the spar element in the global coordinate system. Using 
(Figure 3.3) the shape function for the spar element is expressed as follows:
it
Y
X
Z
Figure 3.3: The spar element in the global coordinate system.
(3.25)
( v | ( l - i l ) + r , ( l - n ) ) (3.26)
(3.27)
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The stiffness matrix o f this spar (steel reinforcement) clement is described in the 
following equation:
1 0 0 - 1 0 0
0 0 0 0 0 0
A
A E 0 0 0 0 0 0
L - 1 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
The stress stiffness matrix for the spar (steel reinforcement) element can be 
calculated as follows:
0 0 0 0 0 0
0 1 0 0 - 1 0
F 0 0 1 0 0
L 0 0 0 0 0 0
0 - 1 0 0 1 0
0 0 - 1 0 0 1
Where, F is the axial force and it is equal to AEe"1, for the first iteration and for 
the next iteration it is computed in the previous stress pass o f the element^ ' 1. The clement 
load vector can be calculated as follows:
(3.30)
where,
{l:ca} is the applied load vector = A E rn' [-1 0 0 1 0 0 ] 1 
{Fcnr} is the Newton-Raphson restoring force.
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3.2.2 Nonlinear Behaviour of Steel
The nonlinear behaviour o f steel bolted connections is due to material nonlinearitics or 
geometric nonlinearities. The finite element simulation o f bolted connections is generally 
complicated because the probleni is three-dimensional (3D) in nature. In addition, 
combined nonlinear phenomena like material and geometrical nonlinearities, friction, 
slippage, contact, bolt-plate interaction and fracture have to be reproduced [55].
Geometric nonlinearities are associated only with certain special structure 
elements and systems in which the effect o f displacement on internal forces must be 
considered in the analyses (e.g. unrestrained beams, and thin plates). With material 
nonlinearities there are two factors, which cause the nonlinear behaviour o f steel 
structure: time-independent and time-dependent factors. Time-independent factors, which 
usually occur simultaneously under the propagation o f loads, are: cracking o f steel and 
the plastic behaviour o f the steel. Other time-independent factors that cause nonlinear 
behaviour o f bolted connection are: nonlinear stress-strain relations for steel, contact 
between steel plate and bolt, bond slip between angle and beam flange and splice plate 
fracture due to excessive deformation. Fracture, plastic behaviour and nonlinear stress- 
strain relations in steel are the only effects that w ill be included in th’s investigation.
The steel element that is used in this investigation is capable o f nonlinear 
behaviour. It can present plasticity and fracture as well as distortion. In this section the 
plasticity behaviour o f high strength and stainless steel material as well as strain 
softening effect o f bolted connection behaviour w ill be presented.
3.2.3 Modelling the plasticity behaviour of steel
In this Section, a brief introduction to plasticity theory w ill be given. The theory is 
described in the literature, and suggested reading are Ottosen and Kinstinmaa [N9], 
Lemaitre and Chaboche [90], and Stein, de Borst and I lughes [91 ].
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Elasticity Theory
In elasticity, the stress is found from
dW
(3.31)
where it is assumed that the strain energy W is independent o f the loading history. For
small elastic strains, the stress state can be evaluated from the hypo-elastic relation
where C is the elastic stiffness tensor. However, the elastic strains are small in present 
applications and thus the hypo-elastic formulation is well motivated. Whether the fourth 
order tensor C/,*/ in Equation (40) is a constant tensor or not w ill not be treated in this 
work, but it can play an important role when evaluating spring-back.
• Fundamentals of plasticity
When the stress reaches the yield stress <7V, the material starts to flow plastically, and an 
irreversible deformation occurs. The strain rate is then a sum o f an elastic and a plastic 
part
where sejj can be evaluated from the hype-elastic relation given in Equation (3.33). For 
large deformations, the rate o f deformation is divided in the same way
The modelling the plastic behaviour in the Finite element analyses w ill be 
presented. The characterization o f the rate-independent plasticity in general is presented 
as having irreversible strain when the material reaches a certain level o f stress. The
The mathematical relationship o f the elasto-plastic behaviour o f materials in terms o f 
finite element form w ill be discussed. Rate-independent plasticity has three components: 
the yield criterion, the flow  rule and the hardening rule.
£T — C liSu ij i jk/ki (3.32)
S]} =  £ 'L'ij +  S Pij (3.33)
d  = De + r f (3.34)
plastic strains are assumed to develop instantaneously, that is, independent o f time[57].
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3.2.4 Yield Criterion
The yield criterion defines the stress value where yielding is initiated. In multi component 
stresses, the yield criterion is denoted as a function o f each o f the stress components. 
Therefore, it can be illuminated in the form o f equivalent stress as follows:
I f  the equivalent stress a,-// is equal to the material yield parameter (equation 
3.39 below) then plastic strain w ill be developed in the material. However, i f  it is less 
than the material yield parameter a y, then the material w ill be in the elastic state and 
stresses w ill be developed in accordance with the elastic behaviour o f the stress-strain 
relationships.
The material flows plastically i f  the yield criterion is fulfilled. The yield function/  
is commonly expressed as
for perfect plasticity, where a  is the equivalent stress and oy is the yield stress. The 
stress can never be greater than Sjj the yield stress. Modifications o f /  also include 
hardening (or softening) w ill be given in this section.
The simplest yield criteria are the isotropic ones, and the most well known 
yield criteria is the von Miscs criteria, where von Mises yield criterion yields
clcff = A W ) (3.35)
(3.36)
f(c r ,( j>) = <j  -  <j  ' < 0 (3.37)
(3.38)
where S,, is the deviatoric part o f the stress, i.e. Su = c r , — crf/.
47
Introduction o f Finite Element Modelling
Figure 3.4 shows the yield loci o f von Miscs. In a) it can be seen that both criteria 
constitute a cylinder in space, with center axis o l = o2 = o3. In b) plane stress is 
assumed. The von Mises effective stress is independent o f hydrostatic pressure.
'T:l V op  AI is o s  n'l
n
Figure 3.4: The yield loci o f Tresca and von Mises
The rate o f plastic flow is given by 
. -
Dr„ = / l - ^ - , T > 0  (3.39)
where g is the plastic potential. I f  an associated flow law is assumed g = !\ otherwise not. 
X is the plastic multiplicator, which equals zero at elastic loading and is greater than zero 
at plastic loading. I f  the load path follows the yield function f  = X = 0. T he conditions on 
/  and Tgive the Karush-Kuhn-Tuckcr (KKT) conditions,
/
X  > o
i / = 0  ’ (3.40)
3.2.5 Hardening Rule
In case o f perfect plasticity, the yield function is unchanged during plastic deformation. 
However, this is not the case for most materials. Either, the yield locus can be moved 
(kinematic hardening) or it can grow (isotropic hardening). In case o f isotropic hardening,
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the yield stress is a function o f history variables A, i.e. <r' = <r' (A). The history variables 
can be internal variables.
For kinematic hardening, the effective stress is a function o f the overstress o 
which is defined by
1 =  cr- b (3.41)
where b is called the backstress and is a measure o f how much the yield locus has 
been moved.
Thus, the yield function can be written
/ ( I , c r ‘‘) = a (a -  b) -  e rf A) (3.42)
Also the shape o f the yield locus can be changed, which is referred to as 
distortional or anisotropic hardening, c.f. Ottosen and Ristinmaa [89],
In order to approximate the yield stress rrv as a function o f ep several proposals 
have been found. Below a review o f some models w ill be given. Figure 3.5 shows a 
perfect plasticity stress-strain relation which is the simplest model, i.e. no hardening at 
all. Next to it comes linear hardening, with hardening modulus II.
n-v
Figure 3.5: Perfect plasticity and linear hardening.
Another simple approximation is the power law where
cry = <7 yo + Ks" (3.43)
where n and K are material parameters and <j -0 is the initial yield stress.
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The Ludvvik curve has some similarities to the power law
(3.44)<J -  CJ 0
where n and K are material parameters and o y0 is the initial yield stress.
Other examples are the Ramberg-Osgood curve, which is described by
; n < 1 (3.45)
which here is expressed in terms o f plastic strain as a function o f stress.
The hardening rule expresses the yield surface change along with the yielding 
progress where the stress states o f the second yielding can be initialed. I here are two 
hardening rules that can be applied to the plasticity behaviour o f the materials: isotropic 
hardening and kinematic hardening. Figure 3.6 shows the isotropic hardening behaviour 
o f materials where the yield surface in the stress space stays in the centre o f its initial 
centreline and as the plastic strain develops it expands in size and remains in its initial 
centreline.
Initial yield surface 
y —  Fxpatided yield surface
Figure 3.6: The hardening rule in isotropic hardening behaviour (after [S51).
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The plastic straining would occur even when computing the equivalent stress by 
using elastic properties that exceed the material yield. In order to satisfy the yield 
criterion in equation (3.40), the plastic strains decrease the stress state. Therefore, from 
the aforementioned theory, the increment o f the plastic strain can be easily obtained. As it 
has been stated in the early part o f this section, the hardening rule is the change o f the 
yield criterion with either isotropic hardening or kinematic hardening. After adding the 
hardening dependencies into the equation (3.50), it w ill yield the following form:
Where k  and {a .}  are the stress state variables. Where {X} is the shift o f the yield 
surface and k is the sum o f the plastic work done over the history o f loading. The stress 
state variables are history dependent and are defined as follows:
The differentiation o f equation (3.83) and (3.84) yield to the following expressions:
(3.46)
(3.47)
(3.48)
dK = { a } r [M ] {de11} 
{dX} =C{  dep'f
(3.49)
(3.50)
The differentiation o f equation (3.48) yields to the following consistency 
condition expression:
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Where,
[m ]=
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 2 0 0
0 0 0 0 2 0
0 0 0 0 0 2
(3.52)
Substituting equation (3.49) and (3.50) into equation (3.51), the following 
expression can be obtained:
^ 1  [M ] {do} + f !<t} 1 [MJ jdc1’ ! + j . ^ 1  [M ] C jdEp( = 0 (3.52)
CO ( K CO
The increment o f stress can be calculated by using the stress-strain relations as 
follows:
{da} = [D ] {de°} (3.53)
With,
{dec} = {de } - {dcp} (3.54)
To compute the plastic m ultiplier a in terms o f hardening variables, equation (3.54) can
be substituted into equation (3.52) as well as (3.54) and consolidating equations (3.52),
(3.53) and (3.54) together, yields to the following equation:
[CO J
<* =  : : - r ------- :— :----: ;  :   (3-55)
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3.2.6 Implementation
To implement the consistency condition in equation (3.51), an Euler backward method is 
adopted to ensure that the updated stress, strain and internal variables arc on the yield 
surface. The implementation steps arc as follows:
1- For a substep n, the material yield parameter a v is calculated by using equation
(3.53).
2- The trial stresses {c"} can be computed as follows (thermal and other effects are 
ignored):
W  =  ( 3 . 5 6 )
where
{n„} is the strain in the current substep n
|pp_,} plastic strain from the previous substep.
After computing the trial strain, the trial stress can be calculated as follows:
! a tr| - - [ D ] | c tr! (3.57)
3- By using equation (3.52) the equivalent stress a(// at the trial stress level is computed.
A comparison between the equivalent stress a^an d  the material yield parameter ay is 
performed concluding that no plastic stain increment is computed i f  the equivalent 
stress acff is less than the material yield parameter a v indicating that material is still in 
the elastic behaviour. On the other hand, i f  the equivalent stress crcj j  exceeds the 
material yield parameter a y, therefore, the plastic multiplier a is evaluated by using a 
local Newton-Raphson iteration procedure1'21. The Euler backward integration
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method for this step procedure is the radial return algorithm*93' for the von Miscs 
yield criterion.
4- The plastic strain {Aep} is computed by using equation (3.54).
5- The current plastic strain {/;p} is updated, then the elastic strain {ec} and the stresses
vector {a} are computed as follows respectively:
k } = k > < ^ }  (3 .58 )
{ec'i =  !s ' r ( -  (As:1") (3 .59 )
{ a } = [ D ] | , : c ! (3 .60)
6- By using equations (3.59) and (3.60) the incremented plastic work Ak and the yield
surface centre {AX} are computed and their current values are updated by using the
following expressions respectively:
Kn = K„.| + A k  (3.61)
{Xn} = {Xn.,} + {AX} (3.62)
7- The equivalent plastic strain c^and the equivalent stress parameter '7pl are computed.
In addition, The equivalent plastic strain increment Aegean be evaluated by using the 
following expression:
i
A /;,./( = \ ~  |A/; P}' [M  ] |A/:p } ' (3.63
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3.2.7 Multilinear Isotropic Hardening (M ISO)
This plastic material option uses von Mises yield criterion, How rule and isotropic 
hardening. Figure 3.7 is the strcss-strain behaviour o f a multilinear isotropic material in 
g e n e r a l .  T h e  e q u i v a l e n t  s t r e s s  f o r  t h i s  o p t i o n  i s  i n  the f o l l o w i n g  format:
(3.64)2 (S}T [m]{S
where {S} is the deviatoric stress and can be calculated as follows:
{S } =  {a}  - a m[ 1 1 1 0 0 0 ] 1 ( 3 . 6 5 )
where, a m is the mean stress and can be calculated as follows:
am = -  (ax + cjy + o,) (3.66)
The yield criterion for the MISO plastic option can be expressed in the following form:
/ = - o k = 0 ( 3 . 7 3 )
a k is the current yield stress and is a function o f the amount o f plastic work in the
1 S Iisotropic (work) hardening1 it can be determined from the uniaxial stress-strain 
behaviour curve (Figure 3.7). Material using the MISO plastic option is assumed to yield 
when the equivalent stress is equal to the current stress.
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a
Figure 3.7: Uniaxial behaviour for MISO and ak determination (after fS31).
3.3 Finite Element Modelling and Working with ANSYS
In general, a Finite element solution may be broken into the following three stages. This is 
a general guideline that can be used for setting up any finite element analyses.
1. Preprocessing: defining the problem; the major steps in preprocessing are given 
below:
• Define kcypoints/lincs/arcas/volumes
• Define element type and material/geometric properties
• Mesh lines/areas/volumes as required
• The amount o f detail required w ill depend on the dimensionality o f the analyses 
(i.e. ID, 2D, axi-symmetric, 3D).
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2. Solution: assigning loads, constraints and solving; here we specify the loads (point or 
pressure), constraints (translational and rotational) and finally solve the resulting set 
o f equations.
3. Postprocessing: further processing and viewing o f the results: in this stage one may 
wish to see:
• Lists o f nodal displacements
• Element forces and moments
• Deflection plots
• Stress contour diagrams
3.3.1 Types of Analyses on Structures
Structures can be analyzed for small deflection and elastic material properties (linear 
analyses), small deflection and plastic material properties (material nonlinearity), large 
deflection and elastic material properties (geometric nonlincaritv). and for simultaneous 
large deflection and plastic material properties.
By plastic material properties, one means that the structure is defoinled beyond 
yield o f the material, and the structure w ill not return to its initial shape when the applied 
loads are removed. The amount o f permanent deformation may he slight and 
inconsequential, or substantial and disastrous, in some structures, "shakedown” 
producing residual stress due to local permanent deformation, may in some circumstances 
reduce fatigue problems in zones that w ill remain in compressive stress as a consequence. 
Local yielding means that some zones w ill usually be in compressive stress during 
conventional use o f the pressure vessel, and may be less prone to fatigue crack 
development.
By large deflection, one means that the shape o f the structure has changed enough 
that the relationship between applied load and deflection is no longer a simple straight- 
line relationship. This means that doubling the loading w ill not double die deflection. The 
material properties can still be elastic.
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In addition to analyzing structures for their stress and deflection, other typical 
analyses are an evaluation o f the natural frequency o f vibration, and calculation o f 
buckling loads. Steady state, transient, and random vibration behaviour can be analyzed, 
too.
Loads on structures can be represented by using the force o f gravity on the mass 
o f the structure, by applying distributed pressure over surfaces o f the structure, or by 
applying forces directly to positions in the structure. Centrifugal load can be entered by 
indicating the axis for the motion, and the rate o f rotation. Displacements o f the structure 
can be specified at positions in the structure. This can include boundary conditions that 
imply symmetric structures where only a portion o f the structure is modeled. Other 
boundary conditions w ill indicate where the structure is supported against movement, by 
the outside world. Temperature distribution that causes thermal expansion and stress can 
be applied directly to nodes or to elements with appropriate commands. Uniform 
temperatures and reference temperatures can also be applied to full models.
3.3.2 Typical Modeling Difficulties
A typical user modeling problem is the case o f key-points, lines, areas, volumes, nodes, 
and elements that are identical and occupy the same space. This can lead to erroneous 
models. Proper use o f the merge command can eliminate many instances o f these 
problems. The merge can fail if, for example, two elements share the same space, but 
were defined via alternative sequences o f nodes (e.g. elements in the same place, one 
numbered by nodes selected clockwise, the other counterclockwise).
Another problem is failure o f key-points, or lines, or areas to be shared by higher 
geometric modeling entities. When this happens, the higher entities are not "fused" or 
"welded" together as intended. Consequently, the elements w ill not share nodes along 
wha* should have been the common boundary. I he analyst must always use caution and 
double-check everything while developing a model.
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The most common o f all errors in fin ite  Element Modeling is the incorrect 
application o f loads and boundary conditions. This must be thought about very carefully. 
Most models (not all) are prevented from undergoing free body motion in 2-D or 3-1) 
space, by eliminating at least a minimal number o f degrees o f freedom (2 translations 
plus 1 rotation in 2-L), and 3 translations plus 3 rotations in 3-D). Rotations can be 
prevented either by having constraints on translations at enough distinct nodes in space, 
or by directly constraining a rotational degree o f freedom at a node. A common check on 
results is to see whether the sums o f the reaction forces at the constrained nodes equal the 
sums o f the applied forces and gravity loads.
On rare occasions, the Finite Element Analyses model may not be bug-free as a 
result o f imperfect programming o f the FEA software, not the user's mistakes. An FEA 
software package has to keep track o f the relationships between key-points, lines, areas 
and volumes, including the changes that result from Boolean operations. In addition it 
must keep track o f the relationships between those geometric entities and the nodes and 
elements that result from meshing, even when geometric entities are cleared, and the 
model is modified. The process for coordinating all the pointers and tables that are 
generated and changed is not perfect. There are times when the relationships w ill be 
erroneous.
3.3.3 ANSYS Commands Involved in the Analyses
In this section, the ANSYS~ input commands w ill be demonstrated and where relevant, 
the command usage w ill only be briefly discussed, fo r descriptions on more command 
usage and reference, see [83].
The ultimate purpose o f a Unite element analyses is to recreate mathematically the 
behaviour o f an actual engineering system. In other words, the analyses must be an 
accurate mathematical model o f a physical prototype. In the broadest sense, this model 
comprises all the nodes, elements, material properties, real constants, boundary
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conditions, and oilier features that are used to represent the physical system. To build the 
model, the ANSYS preprocessor (PR1SP7) is used to define the element types, element 
real constants, material properties, and the model geometry.
A static analyses can be either linear 01 nonlinear. A ll types o f nonlinearities are 
allowed - large deformations, plasticity, creep, stress stiffening, contact (gap) elements, 
hyperelastic elements, and so on. Nonlinear structural behaviour arises from a number o f 
causes, which can be grouped into these principal categories:
• Changing status
Many common structural features exhibit nonlinear bchavioui that is status- 
dependent. Status changes might be directly related to load, or they might be 
determined by some external cause. Situations in which contact occurs are common 
to many different nonlinear applications. Contact forms a distinctive and important 
subset to the category o f changing-status nonlinearities.
• Geometric nonlinearities
I f  a structure experiences large deformations, its changing geometric configuration 
can cause the structure to respond nonlinearly, Geometric nonlincaritY is 
characterized by large displacements and/or rotations.
• Material nonlinearities
Nonlinear strcss-strain relationships are a common cause o f nonlinear structural 
behaviour. Many factors can influence a material's strcss-strain properties, including 
load history (as in elastoplastic response), environmental conditions (such as 
temperature), and the amount o f time that a load is applied (as in creep response).
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3.3.4 Element Overview
. LINKS
LINK8 is 3-D spar, uniaxial, tension-comprcssion clement with three degrees o f 
freedom at each node: translations in the nodal x, y, and z directions. As in a pin- 
jointed structure, no bending o f the element is considered. Plasticity, creep, swelling, 
stress stiffening, and large deflection capabilities are included. The element is defined 
by two nodes, the cross-sectional area, an initial strain, and the material properties. 
The element x-axis is oriented along the length o f the element from node I toward 
node J. The initial strain in the element is given by A/L, where A is the difference 
between the element length, l „  (as delined by the I and .1 node locations) and the zero 
strain length. The geometry and node location o f the element are shown in figure 
3.8.
Figure 3.8 -  LINKS spar element geometry
. SOLID45
SOLID45 is used for the 3-D modelling o f solid structures. The element is defined by 
eight nodes having three degrees o f freedom at each node: translations in the nodal x, 
y, and z directions. The geometry and node location o f the element are shown in 
Figure 3.9. The clement has plasticity, creep, swelling, stress stiffening, large 
deflection, and large strain capabilities. A reduced integration option with hourglass 
control is available. The element is defined by eight nodes and the orthotropic
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material properties. Orthotropic material directions correspond to the element 
coordinate directions. The element stress directions are parallel to the element 
coordinate system. The surface stress outputs are in the surface coordinate systems 
and are available for any face.
Figure 3.9 -  SOLID45 Structural solid geometry; Alphabets I-P and the circled 
integers represents the nodes and element surfaces respectively |S^
• SO 1.1065
SOI.ID65 is used for the 3-1) modeling o f solids with or w ithout reinforcing bars 
(rebar). The solid is capable o f cracking in tension and crushing in compression. In 
concrete applications, for example, the solid capability o f the element may be used to 
model the concrete while the rebar capability is available for modeling reinforcement 
behaviour. The element is defined by eight nodes having three degrees o f freedom at 
each node: translations in the nodal \, y. and / directions. The most important aspect 
o f this element is the treatment o f nonlinear material properties. The concrete is 
capable o f cracking (in three orthogonal directions), crushing, plastic deformation, 
and creep. T he rebar are capable o f tension and compression, but not shear. They are 
also capable o f plastic deformation and creep. The geometry, node locations, and the 
coordinate system for this element are shown in Figure 3.10.
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Figure 3.10 -  SOLID65 RC solid geometry; Alphabets I-P and the circled integers
SOLID 185 is used for 3-1) modeling o f solid structures. It is defined by eight nodes 
having three degrees o f freedom at each node: translations in the nodal x, y, and z 
directions. The element has plasticity, hypcrelasticity, stress stiffening, cueep, large 
deflection, and large strain capabilities. It also has mixed formulation capability for 
simulating deformations o f nearly incompressible elastoplastic materials, and fully 
incompressible hyperelastic materials. SOLID 185 is available in two forms: structural 
solid and layered solid. SOLID 185 Structural Solid is suitable for modeling general
3-D solid structures. It allows for prism and tetrahedral degenerations when used in 
irregular regions. Various element technologies such as B-bar, uniformly reduced 
integration, and enhanced strains are supported. The element is defined by eight 
nodes and the orthotropic material properties. The default element coordinate system 
is along global directions. The geometry, node locations, and the coordinate system 
for this element are shown in Figure 3.1!.
represents the nodes and element surfaces respectively
SOLID 185
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Figure 3.11 -  SOLID 185 Structural solid geometry; Alphabets I-P and the circled 
i n t e g e r s  r e p r e s e n t s  t h e  n o d e s  a n d  e l e m e n t  s u r f a c e s  r e s p e c t i v e l y
c
. SHELL143
SHELL 143 is well suited to model nonlinear, Hat or warped, thin to moderately-thick 
shell structures. The element has six degrees o f freedom at each node; translations in 
the nodal x, y, and z directions and rotations about the nodal x, y, and z-axes. The 
deformation shapes are linear in both in-plane directions. The geometry, node 
locations, and the coordinate system for this element arc shown in Figure 3.12. A 
consistent tangent stiffness matrix (that is, a matrix composed o f the mam tangent 
stiffness matrix plus the consistent stress stiffness matrix) option is available for use 
in large deflection (finite rotation) analyses. The clement is defined by fcur nodes, 
four thicknesses, and the orthotropic material properties. The element may have 
variable thickness. The thickness is assumed to vary smoothly over the area o f the 
clement, with the thickness input at the corner nodes.
Figure 3.12 -  S IIELLI43 Plastic small strain shell geometry; Alphabets I-L and the
I X \ Icircled integers represents the nodes and element surfaces respectively
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. CONTA178
CONTA178 represents contact and sliding between any two nodes o f any types o f 
elements. The element has two nodes with three degrees o f freedom at each node with 
translations in the X, Y, and Z directions. It can also be used in 2-D and axisymmetric 
models by constraining the UZ degree o f freedom. The element is capable o f 
supporting compression in the contact normal direction and Coulomb friction in the 
tangential direction. The clement may be in itia lly prcloaded in the normal direction or 
it may be given a gap specification. The element is defined by two nodes, an initial 
gap or interference, an initial element status, and damping coefficients. The geometry, 
node locations, and the coordinate system for this element are shown in figure 3.13. 
The interface is assumed to be perpendicular to the I-.! line or to the specified gap 
direction. The element coordinate system has its origin at node I and the x-axis is 
directed toward node J or in the user specified gap direction. The interlace is parallel 
to the element y-x plane. I he force deflection relationships for the contact element 
can be separated into the normal and tangential (sliding) directions.
• TARCif 170
The contact and target surfaces constitute a “ Contact Pair” . TA K C P 170 is used to 
represent various 3-1) target surfaces for the associated contact elements
D a m p e r
f X  ^IFigure 3.13 -  CONTA178 Node-to-node contact geometry 1‘ ' '
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(CONTA173). The contact elements themselves overlay the solid elements describing 
the boundary o f a deformable body that is potentially in contact with the rigid target 
surface, defined by TARGE 170. Hence, a “ target”  is simply a geometric entity in 
space that senses and responds when one or more contact elements move into a target 
segment element. The target surface is modelled through a set o f target segments; 
typically several target segments comprise one target surface. Each target segment is 
a single element with a specific shape or segment type. The reaction forces on the 
entire rigid target surface are obtained by summing all the nodal forces o f the 
associated contact elements. The geometry, node locations, and the coordinate system 
for this element are shown in Figure 3.14
TafQd Segnerl Elemect
Figure 3.14 -  TARGE 170 Target segment geometry
» CO NTA173
( ’ON I A 1 73 is defined as 3-1) 4-nodc surface-to-surface contact element that is used 
to represent contact and sliding between 3-1) “ target” surfaces (TAKGEI70) and a 
deformable surface, defined by this element. This element is located on the surfaces 
ol 3-D solid or shell elements without midside nodes. It has the same geometric 
characteristics as the solid or shell element lace’with which it is. Contact occurs when 
the element surface penetrates one o f the target segment elements (TARGE170) on a 
specified target surface. Coulomb and shear stress friction is allowed. The element is 
defined by four nodes (the underlying solid or shell clement has no miuside nodes). 
The geometry, node locations, and the coordinate system for this element are shown 
in Figure 3.15.
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Associated Target Surfaces
Contact Elements
Surface of Solid/Shell Element
Figure 3.15 -  CONTA175 Surface-to-surface contact geometry f83' 
COMBIN39
COMBIN39 is a unidirectional element with nonlinear generalized foree-deflection 
capability that can be used in any analyses. The element has longitudinal or torsional 
capability in 1-D, 2-D, or 3-D applications. The longitudinal option is a uniaxial 
tension-comprcssion element with up to three degrees ol freedom at each node: 
translations in the nodal x, y, and z directions. The geometry, node locations, and the 
coordinate system for this element are shown in Figure 3.16. The element has large 
displacement capability for which there can be two or three degrees o f freedom at 
each node. The element is defined by two (preferably coincident) node points and a 
generalized force-dcflection curve. The points on this curve represent force (or 
moment) versus relative translation (or rotation) for structural analyses.
F
Z
■
(DN.FM)
/
•01. FI)
Figure 3 .16 COMBIN39 Non linear spring geometry |s' 1
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• PRETS179
PRETS179 is used to define a 2-0 or 3-D pretension section within a meshed 
structure. The structure can be built from any 2-D or 3-D structural elements (solid, 
beam, shell, pipe, or link). The PRETS179 clement has one translation degree o f 
freedom, UX. (UX represents the defined pretension direction. ANSYS transforms 
the geometry o f the problem so that, internally, the pretension force is applied in the 
specified pretension load direction, regardless o f how the model is defined.). The 
pretension section is modelled by a set o f pretension elements. The pretension 
element is defined by three nodes I, J, K and the section data NX. NY, NX which 
define the pretension load direction relative to surface A. The pretension load 
direction is constant and is not updated for large displacements. The geometry, node 
locations, and the coordinate system for this element are shown in Figure 3.17.
Pre-tension 
load directionK •
surface ABefore Adjustment
(surfaces A  and B are coincident 
nodes I and J are coincident)
Figure 3 .17 - PRETS179 Pretension geometry
• BEAM23
BEAM23 is a uniaxial element with tension-compression and bending capabilities. 
The element has three degrees o f freedom at each node: translations in the nodal x 
and y direction and rotation about the nodal z-axis. The element has plastic, creep, 
and swelling capabilities. The geometry, node locations, and the coordinate system 
for this element are shown in Figure 3.18. The element is defined by two nodes, the 
cross-sectional area, moment o f inertia, the height for rectangular beams, the outer
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diameter, and the wall thickness, for thin walled pipes, the outer diameter for solid 
circular bars, and the isotropic material properties.
HEIGHT Q
I)
or 0  0  V  
T4
'K
T3
\
\
TI i
I T.'
Figure 3.18 -  BFAM23 20-Plastic Beam geometry ^ 1
3.3.5 Material Properties
Most element types require material properties. Depending on the application, material 
properties can be linear or nonlinear. As with element types and real constants, each set 
o f material properties has a material reference number. The table o f material reference 
numbers versus material property sets is called the material table. Within one analyses, 
you may have multiple material property sets (to correspond with multiple materials used 
in the model).
• Linear Material Properties
Linear material properties can be constant, and isotropic or orthotropic using specify 
the appropriate property label; for example LX, LY, LX for Young's modulus, and so 
forth. For isotropic material such as steel, it is needed to define only the X-direction 
property; the other directions default to the X-direction value. Young's modulus (LX)
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and Poisson's ratio (NUXY) for material are 2.0E5 and 0.3 respectively. Shear 
modulus (GXY) defaults to EX/2( l+N UXY)), and emissivity (EMIS) defaults to 1.0.
• Nonlinear Material Properties
Nonlinear material properties are usually tabular data, such as plasticity data (strcss- 
strain curves for different hardening laws), creep data, etc. The models o f non linear 
material are further categorized so that material property sets or material models can 
be chosen that are included under that category (for example, under von Mises 
plasticity are: bilinear, multilinear, and nonlinear). When performing a structural 
analyses, several inelastic material models (listed in the tree structure: structural, 
nonlinear, inelastic) require to input values for elastic material properties (elastic 
modulus and/or Poisson's ratio) in addition to the inelastic constants that are specific 
to the model. In these instances, the elastic material properties must be entered before 
the inelastic constants entered.
3.3.6 Model Geometry
Once material properties have defined, the next step in an analyses is generating a finite 
element model - nodes and elements - that adequately describes the model geometry.
I here are two methods to create the finite element model, solid modelling .uul direct 
generation. With solid modelling, the geometric shape o f the model is described, then the 
ANSYS program can be instructed to automatically mesh the geometry with hodes and 
elements. The size and shape in the elements can be controlled that the progra n creates. 
With direct generation, the location o f each node and the connectivity o f each element are 
defined. Several convenience operations, such as copying patterns o f existing hodes and 
elements, symmetry reflection, etc. are available.
With solid modelling, the geometric boundaries o f the model are described, 
controls establish over the size and desired shape o f the elements, and then instruct the 
ANSYS program to generate all the nodes and elements automatically. By contrast, with 
the direct generation method, the location o f every node and the size, shape, and
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connectivity o f every element is determined prior to defining these entities in the ANSYS 
model. Solid modelling is usually more powerful and versatile than direct generation, and 
is commonly the preferred method for generating the model.
In spite o f the many advantages o f solid modelling, circumstances might be 
occasionally encountered where direct generation w ill be more useful. It can be easy to 
switch back and forth between direct generation and solid modelling, using the different 
techniques as appropriate to define different parts o f the model. On the plus side, solid 
modelling is generally more appropriate for large or complex models, especially 3-L) 
models o f solid volumes with a relatively small number o f data items. However, solid 
modelling can sometimes require large amounts o f CPU time.
3.3.7 Substeps
When using multiple substcps, it is needed to achieve a balance between accuracy and 
economy: more substeps (that is, small time step sizes) usually result in better accuracy, 
but at a cost o f increased run times. ANSYS provides automatic time stepping that is 
designed for this purpose. Automatic time stepping adjusts the time step size as needed, 
gaining a better balance between accuracy and economy. Automatic time stepping 
activates the ANSYS program's bisection feature. Bisection provides a means o f 
automatically recovering from a convergence failure. This feature w ill cut a time step size 
in half whenever equilibrium iterations fail to converge and automatically restart from the 
last converged substep. I f  the halved time step again fails to converge, bisection w ill 
again cut the time step size and restart, continuing the process until convergence is 
achieved or until the specified minimum time step size is reached.
3.3.8 Meshing
In nonlinear structural analyses, better accuracy at less expense w ill be usually obtained if  
a fine mesh o f these linear elements is used rather than a comparable coarse mesh o f 
quadratic elements. Automatic meshing is a huge improvement over direct generation o f 
nodes and elements, but it can sometimes be computationally time consuming. I f  the
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model contains repetitive features, it might be found that the most efficient approach to 
model generation would be to model and mesh a pattern region o f the model, then 
generate copies o f that meshed region. Before meshing the model, and even before 
building the model, it is important to think about whether a free mesh or a mapped mesh 
is appropriate for the analyses.
A free mesh has no restrictions in terms o f element shapes, and has no specified 
pattern applied to it. Compared to a free mesh, a mapped mesh is restricted in terms o f 
the element shape it contains and the pattern o f the mesh. A mapped area mesh contains 
either only quadrilateral or only triangular elements, while a mapped volume mesh 
contains only hexahedral or tetrahedral elements. In addition, a mapped mesh typically 
has a regular pattern, w ith obvious rows o f elements. I f  this type o f mesh is considered, 
the geometry as a series o f fa irly regular volumes and/or areas must be built that can 
accept a mapped mesh.
3.3.9 Solution Commands (SOLU)
The SOLUTION commands are used to set general analyses options. In the solution 
phase o f the analyses, the computer takes over and solves the simultaneous set o f 
equations that the f i n i t e  e l e m e n t  m e t h o d  generates. The results o f the solution are nodal 
degree o f freedom values, which form the primary solution and derived values, which 
form the element solution.
The primary objective o f a finite element analyses is to examine how a structure 
or component responds to certain loading conditions. Specifying the proper loading 
conditions is, therefore, a key step in the analyses. The loads can be applied on the model 
in a variety o f ways in the ANSYS program. With the help o f load step options, it can can 
be controlled how the loads are actually used during solution.
Load categories in structural analyses o f the models are applied into these 
conditions:
• A degree o f freedom ( I)O f)  constraint fixes a degree o f freedom to a known value,
i.e. specified displacements and symmetry boundary conditions
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• A force is a concentrated load applied at a node in the model i.e. forces and moments.
• A surface load is a distributed load applied over a surface, lixamples are pressures in
a structural analyses.
In the solution phase o f an analyses, the computer takes over and solves the 
simultaneous set o f equations that the Unite element method generates. I he results o f the 
solution are: nodal degree o f freedom values, which form die primary solution and 
derived values, which form the element solution.
ANSYS employs the "Newton-kaphson" approach to solve nonlinear problems. In 
this approach, the load is subdivided into a series o f load increments. I he load increments 
can be applied over several load steps. Before each solution, the Newton-kaphson 
method evaluates the out-of-balance load vector, which is the difference between the 
restoring forces (the loads corresponding to the element stresses) and the applied loads.
The program then performs a linear solution, using the out-of-balance loads, and 
checks for convergence. I f  convergence criteria are not satisfied, the out-of-balance load 
vector is reevaluated, the stiffness matrix is updated, and a new solution is obtained. I his 
iterative procedure continues until the problem converges. A number o f convergence- 
enhancement and recovery features, such as line search, automatic load stepping, and 
bisection, can be activated to help the problem to converge. I f  convergence cannot be 
achieved, then the program attempts to solve with a smaller load increment. In some 
nonlinear static analyses, i f  the Newton-Raphson method is used alone, the tangeni 
stiffness matrix may become singular (or non-unique), causing severe convergence 
difficulties. For such situations, you can activate an alternative iteration scheme, the arc- 
length method, to help avoid bifurcation points and track unloading. The arc-lengtb 
method causes the Newton-kaphson equilibrium iterations to converge along an arc, 
thereby often preventing divergence, even when the slope o f the load vs. deflection curve 
becomes zero or negative. The ANSYS program gives a number o f choices when 
convergence criteria is designated: convergence checking on forces, moments, 
displacements, or rotations, or on any combination o f these items. Additionally, each item 
can have a different convergence tolerance value. For multiple-degrce-of-freedom 
problems, it also has a choice ofconverger.ee norms.
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3.3.10 Postprocessor Commands
Postprocessing means reviewing the results o f an analyses. It is probably the most 
important step in the analyses, because it is very important to understand how the applied 
loads affect your design, how good your finite element mesh is, how high are the stresses 
in this region and so on. Two postprocessors are available to review your results: POST1, 
the general postprocessor, and POST26, the time-history postprocessor. POST1 allows 
you to review the results over the entire model at specific load steps and substeps (or at 
specific timc-points or frequencies).
Use POST!, the general postprocessor, to review analyses results over the entire 
model, or selected portions o f the model, for a specifically defined combination o f loads 
at a single time (or frequency). POST1 has many capabilities, ranging from simple 
graphics displays and tabular listings to more complex data manipulations such as load 
case combinations. Once the desired results data stored in the database can be reviewed 
through graphics displays and tabular command, (iraphics displays are perhaps the most 
effective way to review results such as: contour displays, deformed shape displays, and 
reaction force displays.
Contour displays show how a result item such as stress varies over the model. 
Four commands are available for contour displays, as follows: nodal solution, element 
solution, element table and line element table. The nodal solution command produces 
contour lines that are continuous across the entire model. Derived solution data, which 
are typically discontinuous from element to element, are averaged at the nodes so that 
continuous contour lines can be displayed. The element solution command produce 
contour lines that are discontinuous across element boundaries. The nodal and element 
solution command can be used to produce contour line such as von Mises equivalent 
stresses and strains (EQV).
Deformed shape displays can be used in a structural analyses to see how the 
structure has deformed under the applied loads. Deformed shape can be superimposed 
over undeformed shape. I f  load symbols in POST1 turned on, the resulting display w ill 
show the loads on the deformed shape.
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P0ST1 can be used for listing reaction loads and applied loads at constrained 
nodes in  the selected set except for any zero values. Listing reaction loads and applied 
loads is a good way to check equilibrium. It is always good practice to check a model's 
e q u ilib r iu m  after solution. That is, the sum o f the applied loads in a given direction 
should equal the sum o f  the reactions in that direction. The presence o f coupling or 
constra in t equations can induce either an actual or apparent loss o f equilibrium. Actual 
loss o f load balance can occur for poorly specified couplings or constraint equations (an 
usually undesirable effect).
POST 26 commands as the time-history postprocessor is used to review analyses 
results at specific locations in the model as a function o f  time, frequency, or some other 
change in the analyses parameters that can be related to time. In this mode, results data 
were processed in many ways, such as constructed graphics displays, chart 
representations or tabular listings, or performed math operations on the data sets. A 
typical time-history task has b e e n  to g r a p h  f o r c e  v e r s u s  d e f l e c t i o n  in a non-linear 
structural analyses.
The time-history operations deal with variables, tables o f result item versus time. 
The result item may be the UX, UY or UX displacement at a node, the force developed at 
a node, the stress in an element, etc. By default, results data for shell elements are 
assumed to be at the top surface o f  the shell or layer. The "Graph Data" button in the 
variable viewer allows to plot all the selected variables. The variable viewer stores all the 
time points available on the results file. A portion o f this data can be displayed by 
selecting a range for the X - a x i s  value.
/
3.4 I ' inilc l l c m c n l  Model
I he proper use o f finite element model may provide a viable procedure to the basis for 
justifying a connection configuration for steel frame design use. A finite element 
aPproach is the appropriate solution to examine this possibility and the results compared 
to results from several tests conducted by d i f f e r e n t  a u t h o r s .
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Several connection components are modeled to achieve the following aims:
1. Examine the precision o f the mechanical model for both steel and concrete and
suitability o f their application in the ANSYS programme.
2. Check the applicability o f the selections for (mite element analyses such as
element types, mesh generation, loading and solutions.
3. Investigate the behaviour o f some well known connections which are tested by 
other researchers, so that reliability o f the modeling in the present work can be 
verified.
4. Finally, based on the above work, standardization o f FEA techniques with
development o f the models using application o f high strength and stainless steel 
material properties can be completed.
In lieu o f an exhaustive discussion o f all validation tests performed, eight representative 
cases are described to demonstrate the accuracy o f finite element modeling. Specimen 
brief details and results are reported here.
A finite element analyses program ANSYS was used to develop the 31) computer 
modelling o f steel bolted connections. In order to mode! the prototype connection, the 
finite element program should include the effects o f material and geometric non-linearity, 
residual stresses, and local buckling. The boundary conditions and element types 
considered to develop finite element model explained in the following sections.
3.4.1 SLB model
The SLB connection consists o f middlc-platc, four side-plates and bolt. Figure 3.19 is a 
FE model o f the four-member splice lap bolted connection with double shear boundary 
condition. The middle-plate (plate A) o f the connection with length (L), left end width 
(VV), right end width (h) and thickness (tr ) has the hole diameter (d„) in which the centre 
is located at a distance from the right end (c*/) and a distance from the bottom end (c'j). 
The middle-plate is adjoined to the other two side-plates (plate B) and clamped by two 
side-plates (plate C) by bolts with diameter (r/A where the thickness o f the middle-plates
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equals tr and the side-plate equals tr . In actual engineering applications, there always 
exists a clearance (k) between the bolt and the hole. Both middle- and side-plates are 
subjected to a uniform tension, \, which is far from the bolt. The friction between bolts 
and plates, side-plates and the middle plate, and side-plates were considered.
Plates are considered using solid elements SOLID45. Bolt head, shank and nut are 
idealized using eight-node isoparametric solid elements, i.e. SOLID 185, that has mixed 
formulation capability for simulating deformations o f nearly incompressible elastoplastic 
materials. The interactions between plates and side plates and also between bolt hole and 
bolt shank are simulated by 31) surface-to-surface contact pair element i.e. TARGE 170 
and CONTA173 elements. The bolt head and nut are modelled as hexagons, whilst the 
shank is modelled as cylinder with solid elements. Interface element is considered to 
accommodate the effect o f friction between the plates. The interface elements connect the 
surface at the hole o f the plate to corresponding surface at tiie bolt shank. A high contact 
stiffness was specified to prevent excessive penetration o f the contact nodes. It is 
important to provide a bolt model that satisfies the overall deformation whilst using a 
small number o f elements in its construction.
middle-plate
(SOLID45)
side- plates 
(SOLID45)
Bolt (SOLID185)
interface 
(TARGE 170) 
(CONTAl 73)
figure 3.19 fin ite  element model o f the splice lap bolted connection
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3.4.2 DW A model
The DWA connection is built with beam web bolted to the column llange with double 
web angle. Non linear DWA connection model is symmetric about the centre o f the beam 
web and no lateral displacement is assumed, so only one side o f the plane o f symmetry is 
modelled. The geometry of the mode! now represents one half ol the full scale connection 
in the terms o f area and moment o f inertia, so the capacity o f the connection model is 
only a half that o f the actual load capacity. Symmetrical boundary condition is applied 
along beam web and column web.
The beam and column is modelled by SIIFI.L143. The angle is simplified by 
SHELL143 element with no fillet. The bolt head and nut are modelled as hexagon solid 
element, SOLID 185. There is no contact between bolt shank with bolt hole, therefore bolt 
shank is modelled using spar element, LINKS, instead o f solid element, connecting the 
farthest corner nodes o f head and nut to each other, as shown in figure 3.20. I lie 
effective area o f the bolt is split one twelfth equally among the spar elements. The boll 
holes are modelled as circular. Bolt pretension caused by bolt tightening is simulated by 
applying equivalent initial strains for bolt shank elements. Since the bolt is tightened, the 
head and/or nut stay in close contact with their connecting angles and flanges, therefore 
the b o l t  s h a r e  their n o d e s  with the plate ones.
Interface element is considered to accommodate the effect o f friction and slip. 
Friction coefficient value o f 0.25 is used to capture experimental response and previous 
FE modelling [73]. The contact element is modelled as shown in Figure 3.21. The model 
o f interface element is designated as an initial gap 0.5mm line o f 3D node to node contact 
element CONTA178. The clement is defined by two nodes, two stiffnesses, an initial gap 
or interference and an initial element status. The interface elements connect the nodes at 
the back o f  the angles to corresponding nodes at the column and beam flange and/or web. 
The normal stiffness value and sticking stiffness value are based upon the maximum 
expected force divided by the maximum allowable surface displacement. A high contact 
stiffness was specified to prevent excessive penetration o f the contact nodes. Trilinear 
elastic-plastic approach is used to determine the material properties o f mild carbon steel 
for the I F model.
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Initial strain 
for pretension
12 LINKS 
elements
Figure 3.20 Finite element model o f bolt
beam flange
beam web
C O  N T  A 178
initial gap 
with line
web angle
column flange
Figure 3.21 Contact element modelling o f the DWA connection
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3.4.3 TSA model
The TSA connection is built with beam flange and column flange bolted to top and seat 
angle cleats. Non linear TSA connections model are symmetric about the centre o f the 
beam web and no lateral displacement is assumed, sc only one side o f the plane o f 
symmetry is modelled. The geometry o f the model now represents one half o f the full 
scale connection in the terms o f area and moment o f inertia, so the capacity o f the 
connection model is only a half o f the actual load capacity.
The beam and column are modelled by SHELL 143 elements. The angles are 
simplified by SHELL 143 elements with radiused comer. The bolt head and nut are 
modelled as hexagon solid elements, SOLID 185. The bolt shank is modelled using spar 
elements, LINKS, connecting the farthest corner nodes o f head and nut to each other, as 
shown in Figure 3.20. The effective area o f the bolt is split one twelfth equally among the 
spar elements. The bolt holes are modelled as circular. Bolt pretension caused by bolt 
tightening is simulated by applying equivalent initial strains for bolt shank elements. 
Since the bolt is tightened, the head and/or nut stay in close contact with their connecting 
angles and flanges, therefore the bolt share their nodes with the plate ones.
Interface element is considered to accommodate the effect o f friction and slip. 
Friction coefficient value o f 0.25 is used to capture experimental response and previous 
FE modelling [72]. T he contact element is modelled as shown in Figure 3.22. I he model 
o f interface element is designated as an initial gap 0.5mm line of 3D node to node contact 
element using CONTA17S. The element is defined by two nodes, two stiffness, an initial 
gap or interference and an initial element status. The interface elements connect the nodes 
at the back o f the angles to corresponding nodes at the column and beam flange. I he 
normal stiffness value and sticking stillness value’are based upon the maximum expected 
force divided by the maximum allowable surface displacement. A high contact stiffness 
was specified to prevent excessive penetration o f the contact nodes. I ri 1 inear elastic- 
plastic approach is used to determine the material properties o f mild carbon steel for the 
I E model.
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CONTAl 78 initial gaF 
with line
Figure 3.22 Contact element on the TSA connection
3.4.4 TSAVV model
The TSAW model is built from TSA with double web angle. The Non linear TSAW 
connection model is symmetric about the centre o f the beam web and double web angles, 
that no lateral displacement is assumed, so only one side o f the plane o f symmetry is 
modelled. The geometry o f the model now represents one half o f the full scale connection 
in the terms o f area and moment o f inertia, so the capacity o f the connection model is 
only a half o f the actual load capacity. Plastic shell elements, SHELL 143, are used to 
model beam, column and angles. Solt head and nut are idealized using eight-node 
isoparametric solid elements, i.e. SOLID45.
Bolt shank is modelled using six 31) spar element o f LINKS elements. The 
interactions between angle and column or beam are simulated by C O N T A l78 elements. 
Shell element was considered more appropriate for beam, column and angle elements 
because it can provide a more efficient geometry modelling and analyses. The top and 
seat angle cleats are modelled as half portion o f angle connected beam llange and column 
llange as shown in Figure 3.22. The double web angles are modelled as single angle
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connected beam web and column flange as shown in Figure 3.23. The bolt shank is 
modelled using spar element connecting the farthest corner nodes o f head and nut to each 
other. The effective area o f the bolt is split one twelfth equally among the spar elements. 
Bolt pretension caused by bolt tightening is simulated by applying equivalent initial 
strains for bolt shank elements. Since the bolt is tightened, the head and/or nut stay in 
close contact with their connecting angles and flanges, therefore the bolt share their nodes 
with the plate ones.
Interface element is considered to accommodate the effect o f friction and slip. 
Friction coefficient value is used to capture experimental response and previous FE 
modelling. The model o f the interface element is modeled as a line o f 31) point to point 
contact elements with coincident nodes. The interface elements connect the nodes at the 
back o f the angles to corresponding nodes at the column llange and beam web. The 
TSAW model is shown on Figure 3.24.
column llange
Figure 3.23: Modelling o f contact element o f web angle
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Figure 3.24: Modelling o f TSAW connection
3.4.5 FEP and EPTB model
The Hush endplate (FTP) connection is built with beam welded to the endplate ; nd bolted 
through column llange. Non linear Hush endplate connection model is svmmcb'ie about 
the centre o f the beam web and no lateral displacement is assumed, so only o te side of 
the plane o f symmetry is modelled. The geometry o f the model now represents one half 
o f the fu ll scale connection in the terms o f area and moment o f inertia, so the capacity o f 
the connection model is only a half o f the actual load capacity. A symmetry boundary 
condition applied accordingly to reduce the size o f the model. Similar model is applied to 
EPTB connection with I-section beam is replaced with hollow section beam. The end 
plate is welded to the hollow section beam and bolted to the column flange.
Three dimensional eight-node structural solid elements, SOLID45, are used to 
model beam, column and plate. Bolt head, shank and nut are idealized using eight-node 
isoparametric solid elements, i.e. SOLID185 elements. The interactions between plate 
and column are simulated by 3D node-to-node contact element i.e. C O N T A l78 elements.
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The PRETS179 pretension element is used lor model preload in bolts. The material 
behaviour for all the elements was described by multi-linear stress-strain curves.
The bolt head and nut are modelled as hexagons, whilst the shank is modelled as 
cylinder with solid elements, SOLID 185 elements. Bolt pretension caused by bolt 
tightening is simulated by applying pretension. Interface element is considered to 
accommodate the effect o f prying forces. The interface elements connect the nodes at the 
back o f the plate to corresponding nodes at the column tlange. A high contact stiffness 
was specified to prevent excessive penetration o f the contact nodes. It is important to 
provide a bolt model that satisfies the overall deformation whilst using a small number o f 
elements in its construction. Figure 3.25 indicates the finite element modelling 
configuration used.
S t i  f f c n e r
Pretension 
Load 
PRETS179
Column
SOLID45
Pretension
load
Stiffener
Interface element CO NTA178
Bolt SOLID45
E n d p l a t e
SOLID45
B e a m
SOLID45
figure 3.25 FE modelling configuration o f FEP connection
In order to minimise the complexity o f the model, simplified approach model has 
been introduced with shell elements. I he beam, column and endplate are modelled using 
SIIELL143 elements, whilst the solid bolt shanks are simplified with LINKS elements. 
Non linear flush endplate connection model is symmetric about the centre o f the beam 
web and no lateral displacement is assumed, so only one side o f the plane o f symmetry is 
modelled. Simplified model o f FEP connection is shown on Figure 3.26. By replacing the
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solid elements with shell elements the number o f degrees o f freedom was approximately 
halved. As a consequence the size o f the model was reduced significantly.
Figure 3.26: Simplified model o f FliP connection
3.4.6 SCC model
The following ANSYS element types are used for only one half o f an entire SCC 
connection on internal column. 31) 4-node plastic small strain shell elements, i.e. 
SHELL 143, are used to model beam, column and plate. Bolt head, shank and nut are 
idealized using 8-node solid elements, i.e. SOLID185 elements. The interactions between 
plate and column are simulated by 31) node-to-node contact element i.e. C O N T A l78 
elements. The LINK8 elements are used for model spar and preload in bolts. The SOLID 
65, 3-D reinforced concrete solid element, is used for model concrete slab. The LINK8 
elements also are used to model the reinforcement as well as shear studs. The material 
behaviour for all the elements is described by multi-linear stress-strain curves.
Non linear Hush endplate connection model with concrete slab is symmetric about 
the centre o f the column web and no lateral displacement is assumed, so only one side o f 
the plane o f symmetry is modeled. A symmetry boundary condition applied accordingly
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to reduce the size o f the model. The bolt head and nut are modeled as hexagon solid 
clement. The bolt shank is modeled using spar element connecting the farthest corner 
nodes o f head and nut to each other. The effective atea o f the bolt is split one twelfth 
equally among the spar elements. The bolt holes are modeled as circular. Bolt pretension 
caused by bolt tightening is simulated by applying equivalent initial strains for bolt shank 
elements. Since the bolt is tightened, the head and/or nut stay in close contact with their 
connecting angles and flanges, therefore the bolt share their nodes with the plate ones.
Interface element is considered to accommodate the effect o f contact between end 
plate and column flange, fr ic tion  coefficient value o f 0.25 is used to capture 
experimental response and previous l ;l: modelling. Figure 3.27 indicates a schema o f the 
finite element configuration model used. The model o f interface element is designated as 
an initial gap o f 3D node to node contact element. The interface elements connect the 
lodes at the back o f the endplate to corresponding nodes at the column and beam flange 
md/or web. The normal stiffness value and sticking stiffness value are based upon the 
naximum expected force divided by the maximum allowable surface displacement.
Bolt pretension caused by bolt tightening is simulated by applying initial strain, 
interface element is considered to accommodate the effect o f prying forces. The interface 
dements connect the nodes at the back o f the plate to corresponding nodes at the column 
lange. A high contact stiffness was specified to prevent excessive penetration o f the 
:ontact nodes. It is important to provide a bolt model that satisfies the overall 
leformation whilst using a small number o f elements in its construction. The SCC model 
s symmetric about the centre o f the column web and no lateral displacement is assumed, 
o only one side o f the plane o f symmetry is modelled. The point load is applied to the 
op o f beam web at the beam end. The finite element model is shown in Figure 3.28.
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Figure 3.27 FE modelling configuration o f the SCC connection
Figure 3.28 FE model o f the SCC connection
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3.5 Summary
Chapter 3 presented the concept o f finite elements and the derivation o f all expressions 
that were required to develop the firm understanding o f finite element analyses. In 
addition, the constitutive model and the failure criteria for steel materials were given. The 
theoretical explanation o f bolted connection modelling, which is employed in the ANSYS 
program, such as yield criterion, plasticity and hardening rules were presented in detail. 
From the study carried out, the following conclusions are drawn:
Experimental work demonstrates the actual behaviour o f steel structures. On the 
other hand, experimental work is expensive and time consuming. Therefore, the finite 
element analyses method is an alternative method to predicting and simulating the actual 
behaviour o f steel structures similar to the experimental work i f  a correct model and 
correct material properties o f steel are employed. Three-dimensional modelling is the best 
to simulate steel bolted connection structures. However, it is very complicated to 
programme. As a result, finite element analyses software such as ANSYS should be 
employed for this task.
Modelling and analysing non-linear geometry and non-linear materials such as 
partially restrained structures with the simulation o f bolt action and contact behaviour is 
very d ifficu lt in finite element analyses. Therefore, an appropriate element should be 
selected from the proposed software that can best predict the deformation mode o f bolted 
connection elements and can develop the excessive deformation behaviour in steel. 
Consequently, the appropriate solid element that can best describe steel bolt is the 
hexahedral element that has eight nodes with three degrees o f freedom along the x, y, z 
axis. On the other hand, the element that can best simplified describe the behaviour o f the 
bolt shank is the three-dimensional spar element, which has two nodes with three degrees 
o f freedom along the x, y, z axis. I f  the bolt is defined as solid element and bolt 
pretension is applied, therefore two elements w ill be used such as SOLID 185 and 
PRETS179. In the present o f simplified model used, spar element LINK8 can be used to 
model the bolt shank.
The appropriate solid element that can best describe beam, column, angle and 
plate in the actual behaviour is the hexahedral element that has eight nodes with three
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degrees o f freedom along the x, y, z axis. In order to minimise the complex o f model, 
simplified approach model has been introduced with shell elements. The beam, column 
and endplate are modelled using SHELLI43 elements. By replacing the solid elements 
with shell elements the number o f degrees o f freedom was approximately halved. As a 
consequence the size o f the model was reduced significantly. The non linear partially 
restrained connection model is symmetric about the centre o f the beam web and no lateral 
displacement is assumed, so only one side o f the plane o f symmetry is modelled. This FE 
model with a symmetry boundary condition has reduced the number o f elements required 
by a half.
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C h a p te r  4
Validation of Finite Element Modelling Procedure
4.1 introduction
Since the introduction o f steel materials, many experimental investigations have been 
conducted to understand the behaviour o f steel structures under various conditions. The 
experimental investigations are time consuming and the materials used in those 
experiments are quite costly, fin ite  element analysis is an engineering tool developed to 
simulate the behaviour o f various materials. Therefore, nonlinear finite element analysis 
can realistically predict the behaviour o f steel structures and assess the performance o f 
existing steel beam-column connection structure under various load conditions. However, 
the accomplishment o f this method was also time consuming due to the lack o f 
knowledge and lack o f suitable computer software and hardware. In recent years, the 
evolution o f finite element analysis has reached its peak as both computer software and 
hardware became more reliable, fin ite  element analysis is the recommended method to
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analyse steel connection by using computer software because it is fast and extremely cost 
effective.
At this time, despite the sophisticated technology o f computer software, 
characterizing the steel bolted connection properties to finite elements is an obstructing 
and challenging point due to the complexity o f the contact element matrix o f the 
connection. Once these obstacles are overcome, design and analysis o f bolted connection 
structures using finite elements and computers w ill be effortless and produce reliable 
results. In previous chapters, the finite element modelling o f the bolted connection have 
been investigated and presented. In this chapter a validation o f the Unite element model 
w ill be presented by using other researchers' data and results. Furthermore, a 
parametrical study on the proposed finite element o f  bolted connection modelling w ill be 
c o n d u c t e d  by u s i n g  d i f f e r e n t  s e c t i o n  p r o p e r t i e s  a n d  d i f f e r e n t  c o n n e c t i o n  c o n f i g u r a t i o n s .
4.2 Validation of  Finite Flement Model
The external monotonic static point load is applied in increments to obtain a 
converged solution to a nonlinear analysis. The convergence criteria is based on the force 
and displacement for tracking the maximum plastic strain step. The deformation 
measurement is based on the deformation o f the angle. The relative displacements at the 
locations o f the beam tension and compression flanges were used to calculate the rotation 
o f a connection. The rotation o f connection is defined as relative horizontal displacement 
over the depth o f the beam measured from the centre o f top flange to the centre o f bottom 
flange. The most important aspect o f PR connection behaviour is the momcnt-rotation 
(A1-0) relationship. The stiffer the connection the higher is the M-0 curve representing 
the behaviour o f the connection. Double web angle connections represents flexible 
connections due to the geometry displacement o f web angles, whilst top and seat angle 
connections represents flexible connections due to the geometry displacement o f the top 
seat angle. Figure 4.1 presents the measurement o f rotational angle change when load is 
applied. The geometry displacement o f end plate is considered as die flexibility o f the end 
plate connections as shown in Figure 4.2.
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Fig. 4.1 Measurement o f rotational angle change
The moment rotation curve o f the connection is based on the simple relations: 
\1 = Fd, 0 = arctan(S/h)\ where M is the moment, 0 is the rotation o f the connection, F 
is twice as much as the applied point load, d is the length o f the beam. 6 is relative 
displacement o f the beam and h is the depth o f the beam measured from the centre o f top 
flange to the centre o f bottom flange.
C o l u m n
Moment
Fig. 4.2 Measurement o f rotational endplate change
4.2.1 DW A connection
The results o f FE analysis for the DWA connection are presented in comparison 
with the test results. Comparisons are made with experimental results obtained from 
reference [93]. The connection geometry is shown in Figures 4.3 and 4.4, and the 
connection parameter is depicted in Table 4.1. Beam and column for DWA1 and DWA2 
are designated as W 12x27 and W 18x59 respectively. Bolt M19 grade S.8 is use''*
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gage on column is 63mm. The finite element models were validated against the recorded 
load-displacement curves from the tests. The analysis result o f DWA connections is 
presented in Figures 4.5 and 4.6 for three and four row bolt configuration. The FE models 
show an ultimate moment o f 22.4 KN.m and 49.6 KN.m, respectively. The \f-6  curve 
shape o f the DW A connections from experimental and theoretical results shows a 
difference due to a lack o f material properties data from experimental testing. It assumed 
that stress-strain data for FEA with bi-linear elastic perfectly plastic approach.
Table 4.1 
DWA connection parameter
connection beam web angle (1) web angle (2) g(mm) P (mm)!
DWA la W 12x27 L- 152x101x9.5 L -152x101x9.5 63.0 76.0
DWA2a W18x50 L-152x 101x9.5 L -152x 101 x9.5 63.0 76.0
W10x49
W 12x27
21- 152x101 xtwn 76
;/G ,
1—  ?  305 200
Figure 4.3 DWA1 connection geometry (unit: m nf
, 9
i
W 12x65
I
W 18x50
76
76 | 457
2L-152* 101xtwn 76
305
F im irc  4.4 I)W A 2  connection  ueometrs ( un it: mm;
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Figure 4.5 M-Q curves o f DWA la from experimental and FE models
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Figure 4.6 M-9 curves o f DWA2a from experimental and FE models
The refined model with a circular hole and the shank with twelve spar elements gives 
a good prediction o f connection behaviour. In order to investigate further the difference 
between the response o f the connection with a hexagonal hole and a circular hole
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response, the stress contours at the maximum capacity are shown. The maximum stress 
values are nearly the same at 456 MPa, since the hole area and shank cross section area 
are kept equal as illustrated in Figures 4.7 -  4.8.
MUUAL SOLUTION
Figure 4.7 Maximum stress o f the web angles with hexagonal holes: in MPa
Figure 4.8 Maximum stress o f the web angles with circular holes: in MPa
4.2.2 TSA connection
The FE analysis result o f the TSA connection are presented in comparison with the test 
results. Comparisons are made with experimental results obtained from reference [16].
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The connection geometry is shown in Figure 4.9, and the connection parameter is 
depicted in Table 4.2. Beam and column for TSAI and TSA2 are designated as 
457xl91x67UB and 305x305x971'C, respectively. Bolt diameter is 20mm whilst bolt 
gauges on column are 50mm and 63mm, respectively. The finite element models were 
validated against the recorded load-displacement curves from the tests. The analysis 
results o f TSA connections are presented in Figures 4.10 and 4.11. The FE models show 
ultimate moment o f 115.2 KN.m, 98.3 KN.m, 120.4 KN.m and 114.2 KN.m, 
respectively.
Table 4.2 
TSA connection parameter
connection beam top angle seat angle g (mm) p (mm)
TSA lo 457xl9 lx67UB L-150x90x10 L- 150x90x10 50.0 140.0
TSA la 457xl9 lx67UB L -150x90x10 L -150x90x10 63.0 1400
TSA2o 457xl9 lx67UB L- 150x90x12 L -150x90x12 50.0 140.0
TSA2a 457xl9 lx67UB L -150x90x12 L -150x90x12 63.0 140.0
p
I* 1
M L
19mm
L-150x90xt,
453
305UC97
4 5 7 x 191 x 67U B
Figure 4.9 TSA connection geometry (unit: mm)
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Fig. 4.10 Moment rotation curve o f TSA la from experimental and FE models
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Fig. 4.11 Moment rotation curve o f TSA2a from experimental and FE models
4.2.3 TSAW  connection
The FE analysis result o f the TSAW connection are presented in comparison with the test 
results. Comparisons are made with experimental results obtained from reference [32] 
and [72]. The connection geometry is shown in Figures 4.12 and 4.13, and the
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connection parameter is detailed in Table 4.3. Beam and column for TSAW la and 
TS A W lb  are designated as W8x21 and W12x58 respectively, whilst W14x38 and 
W12x98 are used for TSAW lc. Gauge in leg on column flange (g) and bolt spacing on 
column flange (p) on top and seat (t&s) angle are 50.0mm and 89.0mm for TSAW la and 
TS AW lb, and 63mm and 140mm for TSAW lc respectively. Bolt spacing on web angle 
is 76mm. The finite element models were validated against the recorded load- 
displacement curves from the tests. The initial stiffness and moment capacity are 
predicted well by the proposed model. The analysis result o f TSAW connections is 
presented in Figures 4.14 to 4.17. The FE models show ultimate moment o f 42.2 KN.m, 
43.1 KN.m, 99.5 KN.m and 179.5 KN.m, respectively. The FE model with its deformed 
shape o f the connection is presented in Figure 4.18.
Table 4.3 
TSAW connection parameter
connection beam t&s angle web angle g (mm) p (mm)
TSAW la W8x21 L-152x89x8.0 2L-101x89x6.3 50.0 89.0
TSAW2a W8x21 L -152x89x9.5 2L-101x89x6.3 50.0 89.0
TSAW3a W14x38 L-152xl01x9.5 2L-101x89x6.3 63.0 140.0
TSAW4a W14x38 L-152xl01xl6 2L-101x89x6.3 63.0 140.0
19mm
• L
-)«—  57
L- 152x101 xts 
JL_______
572 e
W  12x96
I • 
I •  
I •
W 14x38  — ?
2L-101x89xtwa 76
50 r
216
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Figure 4.12 TSAW1 and TSAW2 connection geometry (unit: mm)
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19mm
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Figure 4.13 TSAW3 and TSAW4 connection geometry (unit: mm)
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Figure 4.14 Validation o f FE modelling against test result (TSAW -la)
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Figure 4.15 Validation o f FE modelling against test result (TSAW-2a)
120
100
80
60
40
- o — 3D FE model TSAW-3a (9.5mm)
 Experimental 14S4 (Azizinamini 1985)
20
0
5020 30 35 400 10 15 25 455
Rotation d (mRad)
Figure 4.16 Validation o f FE modelling against test result (TSAW-3a)
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Figure 4.17 Validation o f FE modelling against test result (TSA W-4a)
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Figure 4.18 Deformed shape o f the TSAW connection
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4.2.4 FEP connection
The FE analysis results o f the FEP connection are presented in comparison with 
the test results. Comparisons are made with experimental results obtained from reference 
[39], [40] and [41]. The connection geometry is shown in Figures 4.19 - 4.21, and the 
connection parameter is detailed in Table 4.4. Beam and column for FEP-la are 
designated as 1PE240 and HEA240, respectively, whilst 406x178x60UB and 254x254x 
73UC are used for FEP-2a, and HE320A and HE300M are used for FEP-3. Bolt gauge ' 
on column flange (g) and bolt spacing (p) are 50.0mm and 89.0mm for FEP-1, whilst 
63mm and 140mm for FEP-2, 150mm and 140mm for FEP-3 respectively.
Table 4.4 
FEP connection parameter
connection beam endplate bolt - grade g (mm) p (mm)
FEP-la IPE240 268x160xU.p M 2 0 -  10.9 98 158
FEP-2a 406x178x60UB 460x200x1^ M 2 4 -8 .8 90 286
FEP-3a HE320A 360x300xtcP M 2 4 -8 .8 150 160
Steel material properties for FE analysis is based on experimental data. A ll steel materials 
for connection used are S275, M24 bolts grade 8.8 and M20 bolts grade 10.1, except for 
FEP-3a using S355 column and beam, and S690 endplate as shown in Table 4.5.
Table 4.5 
Material properties for FE model
specimen steel grade ctv (MPa) ctu (MPa) oy / ctu
column (1-2) S275 340 520 0.654
beam (1-2) S275 360 530 0.679
column (3) S355 450 580 0.776
beam (3) S355 450 580 0.776
bolt (1) Grade 10.9 1010 1108 0.912
bolt (2) Grade 8.8 810 900 0.900
bolt (3) Grade 8.8 840 940 0.894
end plate (1-2) S275 380 540 0.704
end plate (3) S690 698 749 0.950
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The finite element models were validated against the recorded load-displacement 
curves from the tests. A close correlation between the model and test was observed, with 
a good comparison o f the stiffness and moment-rotation capacity. The analysis result o f 
the FEP connections is presented in Figures 4.22 - 4.24. The FE models show ultimate 
moment o f 87.2 KN.m, 166.5 KN.m, 130.5 KN.m and 210.0 KN.m, respectively. The FE 
model with its deformed shape o f the connection is presented in Figure 4.25.
Stiffener
i Column 
HEA240
Stiffener
Bolt M20 (10.1)
end-plate \
thickness (tcP) \
A
55
v
A
Beam IPE240
P
I
A
55
v
Figure 4.19 FE modelling configuration o f the FEP-1 connection
Bolt M24 grade 8.
\
Column
254UC7
Beam
406x178x60UB
A
A
V
A
->!
Figure 4.20 FE modelling configuration o f the FEP-2 connection (unit: mm)
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Figure 4.21 FE modelling configuration o f the FEP-3 connection (unit: mm)
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Figure 4.22 Validation o f FE modelling against test result -  FEP-la
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Figure 4.23: Validation o f FE modelling against test result -  FEP-2a
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Figure 4.24: Validation o f FE modelling against test result -  FEP-3a 
4.2.5 EPTB connection
FE modelling configuration o f an endplate connection with a tubular section as shown in 
Figures 4.25 and 4.26. Steel material properties for FE analysis o f endplate connection 
with tubular section beam (EPTB) is based on experimental data obtained from reference 
[36]. A ll steel materials for connection used are S355 with ay = 398 MPa and cru = 430
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MPa for SHS beam, S355 with a y = 370 MPa and ctu = 466 MPa for RHS beam and 
M20 bolts grade 10.9 with a y = 940 MPa and a u = 1070 MPa. A ll steel material 
properties for FE model is presented as shown in Table 4.6.
Table 4.6 
Material properties for FE model
Specimen steel grade ctv (MPa) <TU (MPa) CTy / CTU
column S355 420 500 0.840
beam RHS S355 370 466 0.794
beam SHS S355 398 430 0.926
bolt Grade 10.9 940 1070 0.879
end plate S355 384 499 0.770
The connection parameter is detailed in Table 4.7. Beam and column for EPHS-1 
are designated as 200x100x9RHS and 203x203x46UC, respectively, whilst 
150x!50x9SHS and 254x254x73UC are used for EPTB-2. Bolt gauge on column flange 
(g) and bolt spacing (p) are 100.0mm and 260.0mm for EPTB-1, whilst 150.0mm and 
210.0mm for EPTB-2 respectively.
Table 4.7 
EPTB connection parameter
connection beam endplate bolt - grade g (mm) p (mm)
EPTB-la 200x100x9RHS 330x160x12 M 2 0 -  10.1 100 260
EPTB-2a 150xl50x9SHS 280x210x12 M 2 0 -  10.1 150 210
V L1 j i  'B o lt M20 grade
End-plate
thickness
\  Column 
i 2 0 3 U C 4 6
Beam RHS
A
35v
A
P
V
A
35
|<-------  g ----- >1
Figure 4.25: FE modelling configuration o f the EPTB-1 connection
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Figure 4.26: FE modelling configuration o f the EPTB-2 connection
Figure 4.27 indicates the comparison between the test results and the finite element 
analysis. The FE models show ultimate moment o f 47.0 KN.m, and 56.5 KN.m, 
respectively.
60 r
50
 Exp. RHS #14 (Wheeler et ai 1997)
—• —  FEB^HS-la (tep=15mm)
 Exp. SHS #11 (Wheller et.al 1997)
—• — FE EPHS-2a (tep=15mm)
20
30 8010 20 40 50 60 700
Rotation e (mRad)
Figure 4.27: Validation o f FE modelling against test result (EPTB)
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4.2.6 SCC connection
FE modelling configuration o f the SCC connection is shown in Figure 4.28. Steel 
material properties for FE analysis is based on experimental data. A ll steel materials for 
connection used are S275 beam with a y = 310 MPa and a u =480 MPa, S275 column with 
. Gy = 290 MPa and ctu = 460 MPa, whilst M20 bolts grade 8.8 with a y = 750 MPa and 
a u = 850 MPa. The elastic modulus o f concrete is defined as 3.4E4 N/mm2, whilst the 
ultimate compressive strength is 34.0 MPa. Reinforcement bar grade S460 is used with a y 
= 500 MPa and ctu = 640 MPa. The connection parameter is tabulated as Table 4.8.
Table 4.8 
SCC connection parameter
connection beam endplate stiffener (mm) g (mm) p (mm)
SCC-la 305x165x40UB 305x165x15 20.0 75 55
SCC-2a 305xl65x40UB 305x165x15 un-stiffened 75 55
Metal decking CF40 /C oncrete  slab C30 120mm thick
Rebar S460
T /  \ l r / \ T /  \ T
Bolt (M20 8.8)
end-plate 
303x165x15
Beam
305xl65x40UB
- J f-4 5 ^ —  S  — ^ 4 5 ^  
Figure 4.28 FE modelling configuration o f the SCC connection
Column
203UC60
Stiffener
The SCC model is symmetric about the centre o f the column web and no lateral 
displacement is assumed, so only one side o f the plane o f symmetry is modelled. The 
point load is applied to the top o f beam web at the beam end. It is assumed that no slip
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occurred between concrete and metal decking. Comparisons are made with experimental 
results obtained from reference [36]. The finite element model was validated against the 
recorded load-displacement curve from the tests. Figure 4.29 indicates the comparison 
between the test results and the FE analysis. The FE models show ultimate moment of
205.0 KN.m, and 241 KN.m, respectively.
250
200
2  150
 Exp. SCJ5 (Xiao 1994)
FE SCC2a (stiffened)
 Exp. SCJ4 (Xiao 1994)
— FE SCC1a (un-stiffened)
2  100
50
0
0 5 10 15 20 25 30 35 40
Rotation 0 (mRad)
Figure 4.29 Validation o f FE modelling against test result (SCC)
4.2.7 Shear connection
The shear connection configuration is shov/n as Figure 4.30 and connection parameter is 
depicted in Table 4.9. The middle-plate o f the connection with length L = 374 mm, left 
end width W = 148 mm, right end width b = 100 mm and thickness tp = 10 mm has the 
hole diameter do = 30 mm in which the centre is located at a distance from the right end 
ei = 36 mm and a distance from the bottom end = 45 mm. The side-plates (plate B) and 
other side-plates (plate C) are defined with their thickness equal to tP.
Moreover, one M27 grade 10.9 high-strength bolt with a y = 1010 MPa, au = 1100 
MPa arranged in a line o f the bolted connection was investigated. Both bearing and slip- 
critical types were considered in the simulation. Trilinear elastic-plastic approach is used 
to determine the material properties o f connection member for the FE model. Multilinear 
elastic-plastic approach is used to determine the material properties o f high strength steel
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for the FE model, whilst the yield stress is defined as 0.2% proof stress. The high strength 
S690 plates are applied w ith E = 2.02E5 MPa, a y = 875 MPa, a u = 915 MPa, eu = 14.5%. 
The external monotonic static uniform uniform tension load is applied in increments to 
obtain a converged solution to a nonlinear analysis. The convergence criteria is based on 
the force tracking the maximum plastic strain step with arc-length method.
Comparisons are made with experimental results obtained from reference [10]. The 
finite element model was validated against the recorded load-displacement curve from the 
tests. An encouraging correlation between the model and test was observed, with a good 
comparison o f the stiffness and ultimate load capacity. The load-deformation response o f 
the softening model has evidently shown on Figure 4.31, that the failure behaviour o f the 
plate was initiated by deformation according to stress-strain curve patterns until the 
ultimate stress was reached. Model B i l l  represents the connection with right end 
distance from bolt centre (ei) increased by 9 mm. The ultimate force o f B110 is 280.8 
KN, whilst it reaches 360.3 KN for B i l l .
Table 4.9 
SLB connection parameter
connection plate (bxtp) bolt da (mm) ei (mm) ei/do e2 (mm)
SLB-1 90x10 M27 30.0 36.0 1.2 45
SLB-2 90x10 M27 30.0 45.0 1.5 45
i=
i<— ->i
ei
do tp
|<  L  >|
Figure 4.30 FE modelling configuration o f the SLB connection
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Figure 4.31 Load-displacement relationship o f the SLB connection 
4.3 Comparison between FEA and Test Result
This section contains the results from the previous analysis. These are the results o f FEA 
against experimental o f  the PR connection and SLB connection. The comparisons were 
produced with initial stiffness (Rki), ultimate moment (Mu), and rotation at ultimate 
moment (&mu) for the PR connection. On the other hand, the comparisons were made with 
in itia l stiffness (AT/), ultimate load (Pu), elongation capacity (Ac) and load resistance at 
fracture o f the jo in t (P.^c) for SLB connection.
4.3.1 PR connection
Comparison between the FEA and test results for the PR connection is presented in Table 
4.10.
I l l
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Table 4.10.
Comparison FEA against test result
Connection
destination
FEA Test result
Rki
(KN.m/mRad)
M u
(KN.m)
@Mu
(mRad)
Rki
(KN.m/mRad)
M u
(KN.m)
0\tu
(mRad)
D W A -la 4.28 22.4 94.3 6.37 22.3 95.2
D W A -2a 18.95 49.6 91.2 21.97 49.8 74.0
T S A lo 23.42 115.2 68.5 24.85 116.5 67.0
TSA2o 20.32 120.4 64.2 15.76 121.5 65.2
T S A W la 15.59 42.2 40.0 14.12 41.5 40.0
TSAW 2a 23.60 43.1 32.5 25.00 42.5 28.5
TSAW 3a 40.99 99.5 34.0 35.16 97.5 32.0
TSAW 4a 57.69 179.5 27.5 66.04 180.5 27.5
FE P -la 7.96 87.2 88.0 7.85 86.5 88.0
FEP-2a 46.38 166.5 49.5 40.0 165.0 50.0
FEP-3a 21.57 130.5 39.0 19.0 140.0 38.0
FEP-3a* 14.39 210.0 32.5 14.00 218.5 34.0
E P T B -la 9.50 57.0 50.0 9.00 57.5 45.0
EPTB-2a 23.18 47.5 56.5 25.00 49.0 55.0
S C C -la 83.60 205.0 25.5 80.60 200.0 26.0
SCC-2a 74.70 241.0 26.5 70.00 240.0 25.0
4.3.2 SLB connection
Comparison between the FEA and test results for the SLB connection is presented in 
Table 4.11.
Table 4.11.
Comparison FEA against test result
C onnection
destina tion
FEA Test result
Ki
(K N /m m )
Pu
(KIN)
P ac
(K N )
kpu
(m m )
Ki
(K N /in m )
Pu
(K N )
PAC
(K N )
A p,4 
(m m )
SLB la 74.1 280.8 220.0 20.0 64.0 286.0 200.0 24.0
SLB2a 74.8 360.3 276.0 22.0 66.9 365.0 252.0 21.0
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4.4 Conclusions from Validation Study
Chapter 4 has two parts. Part one has presented the validation o f the proposed finite 
element modelling to the laboratory work o f partially restrained connections conducted 
by other investigators. The initial stiffness and ultimate moment o f the PR connections 
from FE model were compared. In addition, to this moment-rotation behaviour o f 
experimental work and analytical modelling was presented. The second part, has 
presented the validation o f bolted shear connection. The initial stiffness and ultimate 
load o f the shear connections from FE model were compared. In addition, the load- 
displacement behaviour o f experimental work and analytical modelling was presented. 
From the study carried out, the following conclusions could be drawn.
The validation o f the proposed finite element modelling to the experimental work, 
conducted by other investigators, was satisfactory. A ll modelled PR connections reached 
the ultimate applied loads which were achieved in the experimental work. The initial 
stiffness and ultimate moment collected from the experimental work and employed in the 
analysis were closely matched with the output o f the moment-rotation relationship 
results. A ll modelled SLB connections reached the ultimate applied loads which were 
achieved in the experimental work. The initial stiffness and ultimate load collected from 
the experimental work and employed in the analysis were satisfactorily compared with 
the output o f the load-displacement relationship results.
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C hapter 5
FE Model with High Strength and Stainless Steel
5.1 Introduction
This chapter is intended to establish finite element modeling on the bolted 
connection with high strength and stainless steel material. The objective o f this study is 
to examine the overall behaviour o f bolted connections with high strength and stainless 
steel with an emphasise on the ductility problem behaviour o f the angle and plate o f the 
connection.
5.2 Angle Bolted Connection
As the initial stiffness o f the angle bolted connection is governed by the geometry 
o f the top seat angle and web angle, the non-linear behaviour is related to material 
properties (strain hardening). To establish the effects o f angle configurations, the angle 
thickness and strength are selected as two main parameters. Multilinear elastic-plastic 
approach is used to determine the material properties o f high strength steel for the FE 
model, whilst the yield stress is defined as 0.2% proof stress. By these parameters 
combination, various moment-rotation curves can be obtained from 3D nonlinear finite 
element analyses. The thinner angle thickness with higher strength steel is applied to keep
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moment capacity and reduce the effect o f slip. In order to increase the connection 
capacity, the higher strength angles are applied with different thickness. Gauge length, 
bolt spacing and bolt diameter are kept in the same value. Plots o f the Von Mises 
equivalent stress and plastic strain were used to assess the predicted yield line patterns.
Top and seat angle cleats o f the TSA and TSAW connections and web angles o f 
DW A connections are modeled as radiused comer angle sections with enhanced strength 
region. Strength enhancement due to cold-forming at the comers o f carbon steel sections 
was firstly studied by Karren [93]. Based on the examination o f a substantial amount o f 
test data, Karren proposed two analytical models to predict the changes caused by cold- 
forming at the comers. The r,/t ratio was identified as having a significant effect on the 
comer strength, a decrease in r-Jt ratio causing an increase in the comer strength. The 
(T„/(TV ratio o f the virgin material was also identified as an important parameter. ENV 
1993-1-3 (1996) [94] accounts for enhanced strength comers in the design o f cold-formed 
carbon steel sections, by allowing an increase in the average strength o f the entire section. 
The average yield s treng th^  is defined by Eq. (5.1). It should be noted that ENV 1993- 
1-3 (1996) only allows strength enhancements for cross-sections that are fully effective:
bui, fya<(fu+fyb)/2
where,
f yb = is the nominal yield strength 
Ag = is the gross cross-sectional area
k = is a numerical coefficient that depends on the type o f forming as follows:
k= l for cold-rolling 
k= 5 for other methods o f forming
n = is the number o f 90° bends in the cross-section with an internal radius r<5t
(fractions o f 90° bends should be counted as fractions o f n) 
t = is the nominal core thickness tcor o f the steel material before cold-forming,
exclusive o f zinc or organic coatings.
115
FE Model with High Strength and Stainless Steel
Previous research showed that enhanced strength should be included beyond the 
curved comer o f the numerical models to achieve the exact replication o f the test results 
[95]. For carbon steel sections the effect o f cold-forming extends beyond the comer to a 
distance approximately equal to the thickness t(l [93]. A parametric study was carried out 
to investigate the extent to which comer enhancement continues beyond the curved 
region. Keeping all other parameters the same, two different cases were studied— 
enhanced strength only in the curved comer region, enhanced strength region extended to 
a distance t„ beyond the comer as shown in Figure 5.1. The core thickness on comer 
region is assumed with no reduction to the material properties o f angle shell elements for 
FE analyses.
shell element
->
Figure 5.1 Enhanced strength region o f a cold formed angle
M ild  carbon steel S275 was used for beams and columns with yield stress o f 300 
MPa and Young’s modulus o f 2.1E5 MPa. High strength bolt M20 grade 8.8 with yield 
stress o f 840 MPa is applied for all types o f connections. High strength steels were used 
for all angles except for double web angles o f DWA connection. Multilinear elastic- 
plastic approach is used to determine the material properties o f high strength steel for the 
FE model, whilst the yield stress is defined as 0.2% proof stress, as shown in Figure 5.2. 
Material properties o f carbon steel grade S275 and high strength steel grade S460, S550
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5.2.1 DWA connection
After follow ing the procedures in section 3.5.2, different thicknesses o f higher 
strength web angles (twu) are applied. The web angles are determined with different high 
strength steel grade, whilst the beam and column are kept with mild carbon steel. The 
effect o f angle thickness and strength is more pronounced on the rotational capacity with 
the thinner angle. Table 5.2 indicates the observed failure moments from the finite 
element analyses, compared w ith the EC 3 design predictions. I he comparisons o f the 
ultimate moment from FEA with comer strength enhancement are made with no comer 
strength enhancement [M u|, FE (ncs)] and corner strength enhancement extended to a 
distance [M uit FE (rm+2ta)]. The moment-rotation curves o f the DWA connection from 
FE model with comer strength enhancement are shown in Figures 5.3 - 5.6. Deformed 
shape o f FE model is shown in Figure 5.7. The curve shape o f DW A-la is different from 
the other ones due to the angles using cold formed section and mild carbon steel.
The ultimate moment with comer strength enhancement in the region o f a 
distance rm+2ta gives no significant influence compared with no comer strength 
enhancement. The difference between two approaches is only about 1%. The initial 
stiffness is slightly higher with the thicker angle, whilst the rotational capacity is lower. 
The result shows that the S460 angles reduced the moment capacity by up to 10%, due to 
existing o f curved comer region angle. The S550 angles increase the capacity by up to 
5%, whilst the S690 angles reach the ultimate moment by nearly twice as much as S275 
angles, respectively. The moment capacity is much higher by up to 45% for a thinner 
angle, whilst it is only up to 20% for thicker angle due to the excessive deformation 
around larger curved comer region.
In order to investigate the behaviour o f the connection, the stress contours o f 
angles are compared w ith those o f the column flange. The patterns o f stress contours o f 
the column flanges and angles w ith different steel grade and thickness o f angles are very 
similar in general w ith  differences only in the value and the spread o f plasticity. Stress 
concentration o f web angle occurs around top and bottom comer region as shown in 
Figure 5.8. whilst stress concentration o f column flange occurs around the inner side o f 
the top row o f bolt holes as shown in Figure 5.9.
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Table 5.2
Moment capacity with corner strength enhancement
Connection
destination
bolts 
in row
U
(mm)
r,„
(mm)
Mu.« ^ F(nCi) 
(KN.m)
M uit FE(rm»2t„
(KN.m)
Failure mode
D W A l-b 3 9.5 7.0 25.3 25.6 angle yielding
D W A l-c 3 9.5 7.0 27.4 28.1 angle yielding
D W A l-d 3 9.5 7.0 32.3 32.8 angle yielding
DWA2-b 4 11.0 6.0 59.0 60.0 angle yielding
DWA2-C 4 11.0 6.0 64.6 64.8 angle yielding
DWA2-d 4 11.0 6.0 74.4 75.0 angle yielding
DWA3-b 11.0 6.0 34.5 35.0 angle yielding
DWA3-C 3 11.0 6.0 36.9 38.1 angle yielding
DWA3-d 3 11.0 6.0 42.0 42.4 angle yielding
DWA4-b 4 12.5 5.0 73.7 75.0 angle yielding
DWA4-C 4 12.5 5.0 79.1 80.0 angle yielding
DWA4-d 4 12.5 5.0 92.2 93.0 angle yielding
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Figure 5.3 Moment-rotation relationship o f the DWA-1 model
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Figure 5.6 Moment-rotation relationship o f the DWA-4 model
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Figure 5.7 Deformed shape o f the DWA-2 connection; unit in mm
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Figure 5.8 Stress contours o f the S550 web angle; unit in MPa
Figure 5.9 Stress contours o f the S275 column flange; unit in MPa
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5.2.2 TSA connection
After following the procedures in section 3.5.3, different thicknesses o f higher 
strength seat and top angles (t*J are applied. The angle cleats are determined with 
different high strength steel grade, whilst the beam and column are kept with mild carbon 
steel. Effect o f  angle thickness and strength is more clear on the rotational capacity with 
the thinner angle. The moment capacity o f I SA connection with S690 angle is higher 
than that o f S275 angle by up to 45% for a thinner angle (tsa=8.0mm), whilst it is only up 
to 20% for a thicker angle (tsa=l2.5mm). The moment capacity o f S550 TSA is higher 
than that o f S275 angle by up to 25% for thinner angle (1^=8.0mm), whilst it is only up 
to 10% for thicker angle ( t ^  12.5mm). High strength thicker angles give no much 
improvement on the connection capacity, because o f the slippage. The moment capacity 
is still reached far below the ultimate moment on the maximum plastic strain limit, whilst 
earlier slip occurs.
As the in itial stiffness o f the connection is governed by the geometry o f the top 
seat angle, the non-linear behaviour is related to material properties (strain hardening). 
The FE model with its deformed shape o f the connection is presented in Figure 5.10. The 
variation in the TSA connections response due to different thickness and strength o f the 
angle cleats is shown in Figures 5.11 -  5.13.
Figure 5.10 Deformed shape o f the TSA model at ultimate moment; unit in mm
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Figure 5.11 Moment-rotation relationship o f the TSAI model; S690 angle
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Figure 5.12 Moment-rotation relationship o f the TSA2 model; S690 angle
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Figure 5.13 Moment-rotation relationship o f the TSA2 model; S460 and S550 angles
The mean ultimate moment capacity shows an increase o f approximately 1% for 
strength enhancement on comer region only, and increase o f approximately by 2% for 
strength region extended to a distance ta beyond the comer. Top and seat angle 
connections based on FE modelling with un-stiffened column are also analyzed with 
reference [96] to modem design codes EC3. The design tension resistance o f the column 
flange and o f the beam top and seat are given in terms o f an equivalent T-stub. The 
effective length o f plate and column flange is based on the yield line patterns around bolt 
holes. The possible modes o f the yielding o f the connection are 1) complete flange 
yielding 2) bolt failure with flange yielding, and 3) bolt failure as shown in Figure 5.14. 
The smallest value for the three possible modes o f the yielding is chosen w ith three 
possible modes o f the yielding from Equations 5.2 - 5.4 as follows;
4(0.25 t effty2fy I / mo ) (5.2)
m
2 ( 0 . 2 5  ? e f f t y 2 f y  I  7 m o ) + n - ^ t R d (5.3)
m + n
(5.4)
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where:
/•',/?,/ is the design tension resistance (N)
Cvir is the efTective length (mm)
tv is the llange thickness (mm)
f v is the yield stress (N/mm 2)
B, Kd is the design tension resistance o f a single bolt-plate (N)
/mo is the partial safety factor for steel
m is the distance from the bolt centre to the inner side o f llange (mm)
n is the distance from the bolt centre to the edge o f flange (mm)
Determine the design value o f the moment resistance o f the connection Mr,i based on the 
bolt-rows in the reduced tension zone, from:
Mfid ~ Fti R d (~ rL') (5.5)
where:
F,j.Rci is the design value o f the effective resistance o f an individual row o f bolts (N)
h| is the distance from the farthest bolt-row to the centre o f resistance o f the
compression zone (mm) 
h, is the distance from any bolt-row to the centre o f resistance o f the compression
zone (mm)
(a)
Mode 1
(b)
Mode 2
(c)
Mode 3
Figure 5.14 Failure modes o f the connection.
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T he  resistance and fa ilu re  m ode o f  a bo lted  angle tlange cleat in  bend ing , toge ther 
w ith  the associated b o lts  in tens ion , should be taken as s im ila r to those o f  an equ iva len t 
T -s tu b  flange. T he  e ffe c tiv e  length o f  the equ iva len t T -s tub  tlange shou ld  be taken as 
0 .5 b a w here ba is the le n g th  o f  the ang le  cleat as show n in  fig u re  5.15.
Moment connection capacity o f the FE result and the EC design prediction for 
high strength TSA connection has been compared. The comparisons o f the ultimate 
moment from FEA with comer strength enhancement are made within comer region oniy 
[M u!t FE (rm)] and extended to a distance ia [M uit FE (rm+2ta)]. Table 5.2 indicates the 
observed failure moments from the finite element analyses, compared with the design 
predictions. The rrioment-rotation curves o f the TSA connection from FE model with 
comer strength enhancement are shown in Figures 5.16-5.17.
From the results on Table 5.3, it can be seen that the designs are somewhat 
conservative despite the omission o f factors o f safety. The FE model o f the TSA 
connection w ith thin angle and low beam depth shows significant results close to EC3 
predictions, and also for connections with thicker angle and higher beam depth. Modem
A
Figure 5.15 Effective length fctT o f an angle flange cleat
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design methods such as l : ( ’3 use yield line analyses o f the angle cleat to predict the 
capacity of the tensile region. At the ultimate load, the failure mode type 1) which is 
complete yielding o f the angle occurred for almost all o f the I SA connection except for 
thicker S550 and S690 angle o f the TSA2 connection on the column flange. The finite 
element model was used to confirm the predictions by studying the yielding o f the angle 
and column flange.
Table 5.3 
Moment capacity and failure mode
1 Connection 
destination
h
(mm)
r,„
(mm)
M m|, FE (rm) 
(KN.m)
Man f  E <im+2t., 
(KN.m)
M u„ EC3 
(KN.m)
Failure
mode
TSAI-4b 8.0 7.0 29.51 31.62 35.94 top angle (1)
TSAI-4c 8.0 7.0 34.00 34.35 39.40 top angle (1)
TSA l-4d 8.0 7.0 38.50 38.87 47.06 top angle (1)
TSAI-3b 9.5 6.0 41.10 42.75 48.37 top angle (1)
TSAI-3c 9.5 6.0 45.20 45.31 53.02 top angle (1)
T S A I-3d 9.5 6.0 51.40 51.87 66.97 top angle (1)
TSAI-2b 11.0 5.0 51.32 53.25 65.69 top angle (1)
TSAI-2c 11.0 5.0 56.15 57.37 72.01 top angle (1)
T S A I-2d 11.0 5.0 62.50 62.75 90.95 top angle (1)
TSA2-4b 8.0 7.0 74.00 74.50 47.78 top angle (1)
TSA2-4c 8.0 7.0 80.50 81.00 52.37 top angle (1)
TSA.2-4d 8.0 7.0 88.60 89.00 66.15 top angle (1)
TSA2-3b 9.5 6.0 92.10 93.75 67.99 top angle (1)
TSA2-3c 9.5 6.0 96.00 98.30 74.52 top angle (1)
TSA2-3d 9.5 6.0 105.00 105.75 94.48 top angle (1)
TSA2-2b 11.0 6.0 108.00 110.25 91.99 top angle (1)
TSA2-2c 11.0 6.0 118.00 118.75 100.80 top angle (1)
TSA2-2d 11.0 6.0 124.25 125.25 119.80 column (1)
TSA2-lb 12.5 5.0 123.50 124.50 119.80 column (1)
TSA2-lc 12.5 5.0 127.00 127.50 119.80 column (1)
TSA2-ld 12.5 5.0 131.00 131.75 119.80 column (1)
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Figure 5.16 Moment-rotation curve o f the TSA2 model; = 8.0mm
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Figure 5.17 Moment-rotation curve o f the TSA2 model; tsa = 11.0mm
In order to investigate the behaviour o f the connection, the stress contours o f 
angles are compared with those o f the column flange. The patterns o f stress contours o f 
the column flanges and angles with different steel grade and thickness o f angles are very 
similar in general with differences only in the value and the spread o f plasticity. The
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S690 lop angles and S275 column tlange stresses, as was expected, are less than the 
ultimate stresses. Figure 5.18 illustrates the maximum stresses o f the angles are located at 
a comer region and beside the bolt hole.
Figure 5.18 Stress contours o f the TSA model; (a) thick angle (b) column tlange
The stress contours at the ultimate load o f top seat angle are compared as shown in 
Figure 5.19, which illustrates the maximum stress o f top angle is located at a comer o f 
angle and below the bolt hole. Application o f high strength angle to the connection 
configuration gives larger area o f maximum stress distribution, whereas the beam and 
column are kept in small area with carbon steel.
Fig. 5.19 Stress contours o f the S690 angles with strength enhancement; (a) rm (b) rm+2ta
In order to investigate further the difference between response o f top angle with 
different grade and thickness, the plastic equivalent strain fields are compared in Figures 
5.20 and 5.21. The plastic strain values almost reach at the ultimate plastic strain unless
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an earlier failure occurs because o f stress concentration and ductility problems, whilst the 
value o f maximum equivalent plastic strain is only at around 1.1x10 2 radian until slip 
occurs.
I
aj _ i  . .  .a
Figure 5.20 Comparison o f plastic deformation in the S690 top angies
a) U = 11.0mm b)U = l2 .5 m m
Figure 5.21 Comparison o f plastic deformation in S550 the top angles
In Figures 5.22 and 5.23, the moment-rotation curves o f the FE results can be 
observed with the stress identification o f the yielding sequence o f the several 
components. It is clearly noticed that application o f the thicker angle changes the yielding 
sequence o f top angle (in bending) and column flange (in bending). The response o f beam 
flange (in compression) shows early yield due to thicker angle applied, whilst the 
maximum stress close to its ultimate stress. The high strength angles give significant 
proportion o f maximum stress distribution, whereas the beam and column are kept with 
mild carbon steel.
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Figure 5.22 M-0 curv/e with yielding sequence o f the components (thin angle)
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Fig. 5.23 M-0 curve with yielding sequence o f the components (thick angle)
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5.2.3 TSAW  connection
To establish the effects o f angle configurations, an angle thickness and strength are 
selected as two main parameters. By the combination o f these parameters, various 
moment-rotation curves can be obtained from 3D nonlinear finite element analyses. In 
order to increase the connection capacity, the higher strength angles are applied with 
different thicknesses. They have six different thicknesses o f the top and seat angles 
(tsa=12.5mm, 9.5mm, 8.5mm, 8.0mm, 6.7mm and 6.5mm), three different thicknesses o f 
the web angles (twa-6.5mm, 4.0mm, 8.0mm) and two different yield stresses (a y = 484 
MPa and a y = 711 MPa). Gauge length, bolt spacing and bolt diameter are kept at the 
same value. The TSAW configuration parameter for FE analyses is presented in Table 
5.4. Material properties for TSAW model are depicted in Table 5.5.
Table 5.4
TSAW  configuration parameter for FEA
connection
destination
web
angle
t w a
(mm)
top & seat 
angle
tsa
(mm)
8
(mm)
P
(mm)
Pb
(mm)
TS AW -la S275 6.5 S275 8.0 50.0 89.0 76.0
TS A W -lb S275 6.5 S460 8.0 50.0 89.0 76.0
TS AW -lc S275 6.5 S690 9.5 50.0 89.0 76.0
TSAW-2b S275 6.5 S460 9.5 50.0 89 0 76.0
TSAW-2c S275 6.5 S690 9.5 50.0 89.0 76.0
TSAW-3a S275 6.5 S275 9.5 63.0 89.0 76.0
TSAW-3b S275 6.5 S460 8.5 63.0 140.0 76.0
TSAW-3c S275 6.5 S690 6.7 63.0 140.0 76.0
TSAW -3b* S275 8.0 S460 9.5 63.0 140.0 76.0
TSAW-3c* S275 4.0 S690 9.5 63.0 140.0 76.0
TSAW -3b** S275 8.0 S460 6.5 63.0 140.0 76.0
TSAW -3c** S275 4.0 S690 6.5 63.0 140.0 76.0
TSAW-3a*) S275 6.5 S275 9.5 63.0 140.0 76.0
TSAW -3b*) S275 6.5 S460 8.5 63.0 140.0 76.0
TSAW -3c*) S275 6.5 S690 8.5 63.0 140.0 76.0
TSAW-4a S275 6.5 S275 12.5 63.0 140.0 76.0
133
Fli Model with High Strength and Stainless Steel
Table 5.5
Material properties for TSAW model
Specimen steel grade CTy (MPa) a u (MPa) Os / a u e> (% ) £u (% )
column S275 277 510 0.543 0.134 18.5
beam S275 277 510 0.543 0.134 18.5
web angle S275 277 510 0.543 0.134 18.5
bolt grade 10.1 1010 1108 0.912 0.345 10.5
angie cleat (i) S460 484 584 0.829 0.480 15.5
angle cleat (ii) S690 711 805 0.883 0.552 6.5
The FE analyses results are presented in comparison with test results. Different 
thicknesses o f higher strength angles are applied. The analyses results o f TSAW 
connections are presented in Table 5.6 and Figures 5.24 - 5.27. The top and seat angles 
are determined with different yield stresses, whilst the web angle used mild carbon steel. 
The thickness o f web angles (twa) is kept at 6.4 mm with steel grade o f S460. Effect o f 
angle thickness and strength are more important on the rotational capacity compared with 
a thinner angle. The initial stiffness is slightly higher with the thicker angle, whilst the 
rotational capacity is lower. Thinner top and seat angles with high strength steel might 
keep the moment capacity constant, whilst the rotational capacity can be increased 
significantly. As the thickness o f top and seat angles is fixed, the initial stiffness o f 
different, steel grades is not changed on the response o f connections. The result shows that 
the S460 angles increase the moment capacity by up to 20% whilst the S690 angles 
increase those capacities by up to 50%, respectively. The rotational capacity is much 
higher by up to 40% for thinner angles, whilst it is only up to 20% for thicker angle.
In order to determine the effect o f web angle to the connection behaviour, the 
angles are determined with different yield stresses, whilst the thinner web angle is 
applied. The analyses result o f the connections is presented in Figures 5.28 and 5.29. 
From Table 5.6, it can be seen that most o f the failure modes o f angle yielding occurred 
for all types o f connection except for the connection with thicker and high strength angle 
as well as the S275 thicker web angle because o f slippage. The results from the
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connection modelling w ith corner strength enhancement show that the ultimate moment 
increase is in the range o f  3% to 5% compared with no corner strength enhancement. The 
TSAW-3H* with S275 8.0mm thick web angle and S550 12.5mm thick top and seat angle 
gives the ultimate moment less than that o f the TSAW-3e* with S275 4.0mm thick web 
angle because o f the slippage o f the top angle.
Table 5.6
Moment capacity with corner strength enhancement
Connection
destination
ty* a
(mm)
tsa
(mm)
m
(mm)
Mult F 
(KN.m)
M u|t FE(rm*2t„ 
(KN.m)
Failure mode
TS A W -lb 6.5 8.0 7.0 51.0 51.5 angle yielding
TSAW- lc 6.5 8.0 7.0 75.8 76.5 angle yielding
TSA W-2b 6.5 9.5 6.0 51.9 52.5 angle yielding
TSAW-2c 6.5 9.5 6.0 76.7 78.5 angle yielding
TSAW-3b 6.5 8.5 6.0 82.0 82.6 angle yielding
TSAW-3c 6.5 6.7 7.0 84.4 85.0 angle yielding
TSAW-3b* 8.0 9.5 5.0 94.8 96.5 angle siip
TSAW-3c* 4.0 9.5 5.0 109.2 110.8 angle yielding
TSAW -3b** 6.5 6.5 8.0 65.0 65.5 angle yielding
TSAW -3c** 6.5 6.5 8.0 73.9 74.5 angle yielding
TSAW -3c*) 6.5 8.5 6.0 119.5 120.0 angle slip
It shows that a thinner web angle gives less ultimate moment o f connection 
restraint, although the thicker top and seat angle is applied. The ultimate moment capacity 
is reached before the maximum plastic strain lim it, whiie the earlier slip occurs. For the 
improved connection capacity o f TSAW  connection, it is necessary to consider applying 
only a higher strength top and seat angle, whilst the web angle is kept as mild carbon 
steel. When the thicker and higher strength web angles are applied, the connection 
restraint is only slightly changed because o f slippage.
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Figure 5.24 M-G relationship o f the TSAW-1 model; S690, S460 and S275 angle cleats
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Figure 5.25 M-0 relationship o f the TSAW-2 model; S690 and S460 angle cleats
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Figure 5.26. M- # relationship o f the TSAW-3 model with various angle cleats
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Figure 5.27 M- 6 relationship o f the TSAW-3 model; various web angles
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Figure 5.28 M- £ relationship o f the TSAW-3 modei; S690 and S460 angle cleats
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Figure 5.29 Comparison o f the TSAW M- <9 relationship
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In order to investigate the behaviour o f the connection, the stress contours o f 
angles are compared for top angle and web angle. The equivalent stress o f the TSAW 
connection at the ultimate load for the S275 web angle, S275 column and S690 top angle 
is close to the ultimate stress, as shown in Figures 5.30 -  5.31 The resistance o f web 
angles to connection deformation contributes largely to the connection capacity. The 
slippage is less pronounced with maintaining the thickness and yield stress o f the web 
angle. The maximum plastic strain o f the TSAW model at the ultimate load until slip 
occurs for both top and web angles is close to the equivalent plastic strain lim it. The 
geometry o f the connection is still governed by top angle. The patterns o f plastic 
equivalent strain o f S460 and S690 top angles are very similar, in general. Figure 5.32 
illustrates the maximum plastic strain o f top angle is located at a comer o f angle and 
below the bolt hole.
Omax = 580.37MPa < a u =
Ao<
- 524.590 - 291.102 - 53.006
Figure 5.31 Stress contours o f the S275 web angle at ultimate moment; unit in MPa
Figure 5.30 Stress contours o f S460 top angle at ultimate moment; unit in MPa 
(7max = 522.98MPa < <7U = 530.0 MPa
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max
Figure 5.32 Stress eoniours o f the S275 column flange; unit in MPa
5.3 Endplate Connection
As the initial stiffness o f the endplate connection is governed by the geometry o f 
the endplate, the non-linear behaviour is related to material properties. To establish the 
effects o f endplate configurations, plate thickness and strength are selected as two main 
parameters. Multi-linear elastic-plastic approach is used to determine the material 
properties o f high strength steel for the FE model, whilst the yield stress is defined as 
0.2% proof stress. By these parameters combination, various moment-rotation curves can 
be obtained from 3D nonlinear finite elements analyses. In order to increase the 
connection capacity, the higher strength endplates are applied with different thickness. 
Bolt gauge, bolt spacing and bolt diameter are kept in the same value. Plots o f the Von 
Mises equivalent stress and plastic strain were used to assess the predicted yield line 
patterns.
5.3.1 FEP connection
After follow ing the procedures in section 3.5.4, different thickness o f higher strength 
endplate ( t e P)  are applied. The endplates are determined w ith different high strength steel 
grade, whilst the beam and column are kept to mild carbon steel. Table 5.5 shows the 
configuration o f FE model for the FEP connections. The FEA results are shown in 
Figures 5.33 -  5.36
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Table 5.7
FEP configuration parameter for FEA
connection
destination
beam
grade
beam size stiffener
(mm)
endplate
grade
t«rp
(mm)
g
(mm)
P
(mm)
FEP-la S275 IPE240 - S550 15.0 98.0 158.0
FEP-lb S275 IPE240 10.0 S550 15.0 98.0 158.0
FEP-lc S275 IPE240 - S690 15.0 98.0 158.0
FEP-Id S275 IPE240 10.0 S690 15.0 98.0 158.0
FEP-Id* S355 IPE240 10.0 S690 12.0 98.0 158.0
FEP-le* S355 IPE240 10.0 S550 15.0 98.0 158.0
FEP-1 f* S3 5 5 IPE240 10.0 S690 15.0 98.0 158.0
EP-lg* S355 IPE240 10.0 S550 18.0 98.0 158.0
FEP-2a S355 406x178x60UB - S550 15.0 98.0 158.0
FEP-2b S355 406x178x60UB 10.0 S550 15.0 98.0 158.0
FEP-2c S355 406x178x60UB - S690 15.0 98.0 158.0
FEP-2d S355 406x178x60UB 10.0 S690 15.0 98.0 158.0
FEP-3a S355 HE320A - S690 10.0 150.0 160.0
FEP-3b S355 HE320A S690 15.0 150.0 160.0
FEP-3a* S355 HE320A - S690 10.0 150.0 160.0
FEP-3b* S355 HE320A - S690 15.0 150.0 160.0
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Figure 5.33 Moment-rotation relationship o f the FEP-1 model; M22 bolts
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Figure 5.34 Moment-rotation relationship o f the FEP-1 model; M20 bolts
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Figure 5.35 Moment-rotation relationship o f the FEP-2 model; M20 bolts
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Figure 5.36 Moment-rotation relationship o f the FEP-3 model; M24 bolts
The flush end-plate connections based on FE modelling with stiffened and un­
stiffened column are also analyzed using design equations to modem design codes EC3 
[97]. The design tension resistance o f the column flange and o f the end plate are given in 
terms o f equivalent T-stub. The effective length 4 fro f plate and column flange is based 
on the yield line patterns around bolt holes and should be taken as the height o f the end 
plate d as shown in Figure 5.37. The three possible modes o f the yielding o f the 
connection are considered, as shown in Figure 5.14. Moment resistance o f the FEP 
connection is derived from Equations 5.2 -  5.4.
4ff
Figure 5.37 Effective length 4ff o f equivalent T stub
d d
F E P -3 b *  (S 6 9 0 - to p = l5 m m , M 2 7  bo lts ) 
F E P -3 b  (S 6 9 0 -te p =  1 5m m . M 2 4  bo lts ) 
F E P -3 d ‘ (S 6 9 0 -to p =  1 0 m m . M 2 7  bo lts ) 
F E P -3 a  (S 6 9 0 - tu p -  1 0m m , M 2 4  bo lts )
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Table 5.8
Ultimate moment and failure mode of FEP model
connection
destination
column
(stiffened)
endplate 
(mm), grade
M u„ (FE) 
(KN.m)
M U„(EC3)
(KN.m)
Failure mode
FEP-la S275(n) 15.0, S550 96.0 80.2 column tlange (2)
FEP-lb S275 (s) 15.0, S550 102.3 81.7 column tlange (2)
FEP-lc S275(n) 15.0, S690 103.8 80.2 column tlange (2)
FEP-id S275 (s) 15.0, S690 106.8 81.7 column flange (2)
FEP-ld* S275 (s) 12.0, S690 107.0 91.3 column tlange (2) i
FEP-le* S355 (s) 15.0, S550 127.0 95.4 end plate (2)
FEP-1 f* S355 (s) 15.0, S690 130.0 102.7 column tlange (2)
FEP-lg* S355 (s) 18.0, S550 131.5 102.7 column flange (2)
FEP-2a S355(n) 15.0, S550 97.0 80.2 end plate (1)
FEP-2b S355 (s) 15.0, S550 100.0 95.4 end plate (2)
FEP-2c S355(n) 15.0, S690
.  „  
104.5 95.4 column tlange (2)
FEP-2d S355 (s) 15.0, S690 106.8 102.7 column tlange (2)
FEP-3a S355(n) 10.0, S690 132.6 104.8 end plate (1)
FEP-3b S355 (n) 15.0, S690 205.7 194.1 bolt failure (2)
FEP-3a* S355(n) 10.0, S690 139.7 104.8 end plate (1)
FEP-3b* S355 (n) 15.0, S690 227.7 194.1 column flange (2)
Figure 5.38 Stress contours o f the FEP model with S275 column; unit in MPa
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Figure 5.39 Stress contour o f the FHP model with S355 column; unit in MPa
From the results in Table 5.8, it can be seen that the designs are somewhat 
conservative despite the omission o f factors o f safety. The FE model o f the FEP 
connection with thin end plate and low beam depth shows significant results ciose to EC3 
prediction, and also for connection with thicker angle and higher beam depth. Modem 
design methods such as EC3 use yield line analyses o f the end plate to predict the 
capacity o f the tensile region. At the ultimate load, the failure mode type 1) which is 
complete yielding o f the column flange occurred for almost all o f the FEP connection 
except for thinner S550 and S690 angle o f the FEP connection on the end plate. The finite 
element model was used to confirm the predictions by studying the yielding o f the end 
plate and column flange.
Waving o f column web stiffeners is not advisable because their absence causes 
premature failure in the column flange. This consequently leads to a drastic drop in 
moment and rotation capacities. The ultimate moment o f S690 15.0mm thick end plate 
without column stiffener reached 96.0 KN.m, and it can be increased by 102.3 KN.m i f  
the column stiffeners exist. However, a connection with column web stiffeners is 
advisable because their presence increases moment capacity up to 20%.
Plots o f von Mises’ stress contours o f the FEP connection with S275 and S355 
column are shown in Figures 5.38 and 5.39, respectively. Plots o f von Mises’ stress 
contour o f the FEP connection with the 15mni thick S690 end plate and S355 column are
145
FE  Model with High Strength and Stainless Steel
presented in Figure 5.40. Plastic deformation o f S690 end plate is shown in Figure 5.41. 
ITie maximum stress o f endplate and the ultimate stress o f closely reach the ultimate 
stress and also for the column tlange stress. The ratio between maximum stress and the 
ultimate stress o f the endplate is 99.0%, whilst the ratio between maximum stress and the 
ultimate stress o f the column flange is 86.0%.
Figure 5.40 Stress contour o f the S355 column tlange and S690 endplate; unit in MPa
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Figure 5.41 Plastic deformation o f the S690 endplate
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5.3.2 EPTB connection
A ll steel material properties o f the connection for I ' Li A used are S355 and M20 bolts 
grade 10.9. The higher strength o f steel materials are employed to endplate with S550 and 
S690, as shown in fable 5.9. Multilinear elastic-plastic approach is used to determine the 
material properties o f high strength steel for the FI: model, whilst the yield stress is 
defined as 0.2% proof stress. Strength enhancement o f the comer regions o f hollow 
section beam is employed to the material properties o f FE model.
Table 5.9 
Material properties for FE model
specimen steel grade E (MPa) CTv (MPa) au (MPa)
SHS beam (Hat) S3 5 5 205,000 398.0 430.0
RHS beam (flai) S355 205,000 370.0 446.0
SI IS beam (comer) S355 208,000 467.0 511.0
RHS beam (comer) S355 208,000 444.0 482.0
bolt Grade 10.9 200,000 940.0 1070.0
end plate (i) S550 205,000 580.0 680.0
end plate (ii) S690 202,000 700.0 780.0
Two different high strength endplates are applied for the FE models, whilst the 
beams are kept to mild carbon steel S355 grade. Two types o f endplate connection are 
investigated such as EPTBa v/ith RHS beam 100x200x9mm and EPTBb with SHS beam 
150x150x9mm. Moment rotation curves in Figures 5.42 -  5.46 shows that resistance o f 
higher strength end plate may increase moment capacity by up to 50% for S550 endplate 
and up to 65% for S690. The maximum stress o f the beam shows the value beiow the 
yield stress, whilst the maximum stress o f the endplate reach close to the yield stress.
In order to investigate the connection behaviour due to the bolt spacing and beam 
geometry, different thicknesses and high strength endplates are applied to the FE model. 
Effect o f endplate thickness and strength is more important on the moment capacity and 
rotational capacity with the thinner endplate. The initial stiffness is slightly higher with 
the thicker endplates, whilst the rotational capacity is lower. The result shows that the 
EPTBa with S550 plate increases the moment capacity by up to 50 % whilst the S690
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endplate reach the ultimate moment by nearly two third as much as S355 endplate, 
respectively. The moment capacity is much higher by up to 50% for thicker endplate 
with S690 endplate compared to S355 one, whilst it is only up to 40% for thicker S550 
endplate, due to the lower resistance o f the plate and bolts as depicted in Table 5.10. The 
variation in the EPTB connection with RHS and SHS beam response due to the change in 
the endplate thickness and strength is shown in Figures 5.42 -  5.45.
Table 5.10
Moment capacity and failure mode
connection
destination
bolt spacing 
(mm)
thickness 
(mm) - grade
M U„-FE
(KN.m)
failure mode
EPTBa-lb 100.0 15.0-S550 101.56 deformation
EPTBa-5b 100.0 10.0-S550 61.22 bolt
EPTBa-3c 100.0 11.0-S690 80.84 deformation
EPTBa-7c 100.0 9.0 -  S690 57.34 deformation
EPTBb-2b 150.0 14.0 -  S550 93.91 bolt
EPTBb-6b 150.0 10.0-S550 55.01 deformation
EPTBb-4c 150.0 11.0-S690 73.25 deformation
EPTBb-8c 150.0 9.0 -  S690 52.12 deformation
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Figure 5.42 M-0 relationship o f the EPTBa connection; S550 endplate
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Figure 5.43 M-0 relationship o f the EPTBa connection; S690 endplate
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Figure 5.44 M-0 relationship o f the EPTBb connection; S550 endplate
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Figure 5.45 M-G relationship o f EPTBb connection; S690 endplate
The fully FE model and its deformed shape o f the connection with S550 12.0mm 
thick endplate is presented in Figure 5.46. The S690 thicker endplate with 15.0mm thick 
is applied to the connection in order to enhance connection resistance. Significant 
response from thicker endplate gives a connection capacity which has increased 
significantly with a reduced response o f deformation.
Figure 5.46 3D finite element o f the endplate model with deformed shape; unit in mm
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A plot o f the Von Mises equivalent stress o f the EPTB connection with 10mm 
S690 end plate is presented in figure 5.47. The maximum stress o f the endplate is around 
818.5 MPa, whilst the maximum stress o f the beam is around 456.0 MPa. It can be seen 
that the model is successful in predicting maximum stress o f all connection members 
almost reaching their ultimate stresses. The ultimate stress o f the thin endplate is 
developing around the top comer o f beam tlange as shown in Figure 5.48. This stress 
distribution occurs due to excessive deformation o f the end plate, whilst the yielding 
around bolt hole has just started. The deformation o f the connection is governed by the 
deformation of the end plate that the maximum deformation in z-direction is around 
13.5mm at the top flange o f the beam.
- 8 1 2 . 7 2 5  - 4 5 0 . 2 2 1  - 8 7 . 7 1 3  2 7 4 . 7 9 4  6 3 7 . 3 0 2
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Figure 5.47 Stress contours o f the S690 endplate connection; unit in MPa
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Figure 5.48 Stress contours o f the S690 thin endplate with deformed shape
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Plots o f the von Mises' stress contour o f the EPTBa connection with 15mm S355 
and S690 endplate is presented in Figure 5.49. The maximum stresses o f endplate reaches 
very close to the ultimate stresses. The yielding in the thin plate is developing around the 
top comer o f the beam, whilst that o f thick high strength plate is also centralized around 
the bolt hole. Application o f high strength plate to the connection configuration gives 
significant proportion o f maximum stress distribution.
Figure 5.49 Stress contours o f the endplate with RHS beam: S355 and S690-15mm
Plots o f the von Mises’ stress contour o f the EPTBb connection with 15mm S550 
and 12mm S690 endplate is presented in Figure 5.50 The maximum stress o f S550 end 
plate reaches very close to the ultimate stress, whilst that o f S690 reaches 85% o f the 
ultimate stress due to bolt failure. The yielding in the thicker plate is fully centralized 
around the bolt hole due to delaying the yield line until after the bolts have begun to 
yield. This response shows that for the higher thick endplate the yield pattern is not so 
crucial because failure should occur through the bolts. Lower depth o f beam and higher 
horizontal bolt spacing gives low response to the connection capacity with lower ultimate 
moment and higher rotational capacity due to excessive deformation.
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Figure 5.50 Stress contours o f the endplate with SHS beam: S550-15mm and S690-12mm 
5.3.3 SCC connection
After following the procedures in section 3.5.5, different thicknesses o f higher strength 
endplates (U-p) are applied. The endplates are defined with S690 high strength steel grade, 
whilst the beam and column are kept to mild carbon steel. Multilinear elastic-plastic 
approach is used to determine the material properties o f high strength steel for the FE 
model, whilst the yield stress is defined as 0.2% proof stress. The steel properties o f 
S690 end plate having a Young’s modulus o f 202000 MPa and a Poisson ratio o f 0.3 The 
yield stress o f S690 (crv) is 780.0 MPa, whilst the ultimate stress ( cru) is 840.0 MPa.
Two types o f semi-continuous composite connection are investigated such as 
SCC1 for un-stiffened column and SCC2 for stiffened column. There is no former 
concrete slip considered to take into account. Moment rotation curves in Figure 5.51 
shows that resistance o f higher strength endplate o f the un-stiffened SCC connection 
increase moment capacity slightly. Moment capacity o f S690 20.0 mm thick endplate 
(233.0 KN.m) increases by only 3% compared to S690 10.0 mm thick endplate. When the 
endplate thickness is doubled to 20 mm gives no significant resistance due to less 
response from un-stiffened column. Figure 5.52 shows that resistance o f higher strength 
endplate with stiffened column may increase moment capacity by up to 15%.
In order to investigate the connection behaviour due to the stiffener, different 
thicknesses and high strength endplates are applied to FE model. The effect o f endplate
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thickness and strength is more pronounced on the moment capacity and rotational 
capacity with the thinner one. The initial stiffness is slightly higher for stiffened column 
connection (73.7 KN.m/mRad). The response from stiffened column may increase 
moment capacity by up to 20% (288.0 KN.m). Double thicker endplate may increase 
moment capacity up to 8% with maximum stress reach just below the ultimate stress. The 
maximum stress o f the beam shows the value still below the yield stress, whilst column 
flange maximum stress reach beyond the yield stress.
The initial stiffness is slightly higher with the thicker endplate, whilst the 
rotational capacity is lower. The result shows that the 12mm endplate o f un-stiffened 
SCC connection increase the moment capacity by up to 2% whilst 15mm endplate reach 
the ultimate moment by nearly 4% as much as 10mm endplate, respectively. The 
moment capacity o f stiffened SC'C connection is much higher by up to 20% for thinner 
plate with S690 endplate, whilst it is only up to 15% for thicker S690 plate due to the 
lower resistance o f the column flange and bolts. The variation in the connection with 
stiffened column flange response due to the change in the endplate thickness and strength 
is shown in Figure 5.52.
250
200
t
Z
cQJ£
o FE mode! SCClc (t=20rnm
FE model SCClb (t=10mm
6020 30 40 500 10
Rota tl one (rrRacO
Figure 5.51 M-9 relationship o f the un-stiffened SCC connection; S690 endplate
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Figure 5.52 M-0 relationship o f the stiffened SCC connection; S690 endplate
Table 5.11
SCC connection performance for FE model
FE model Initial stiffness 
(KN.m/mRad)
Moment capacity 
S275 (KN.m)
Moment capacity 
S690 (KN.m)
SCO-10mm 66.33 207.2 229.2
SCCl-12mm 68.83 213.3 230.2
SC O  -15mm 70.84 216.7 231.7
S C O  -20mm 72.80 220.2 233.4
SCC2-10mm 73.71 243.1 288.1
SCC2-12mm 77.17 255.5 295.5
SCC2-15mm 81.05 267.1 304.1
SCC2-20mm 84.71 278.3 313.7
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The ultimate moment o f  S690 10.0mm thick endplate without column stiffener 
reached 229.2 KN.m, and it can be increased to 288.1 KN.m i f  the column stilTeners 
exist. The ultimate moment o f S690 12.0mm thick endplate without column stiffener 
reached 230.2 KN.m, and it can be increased to 295.5.1 KN.m i f  the column stiffeners 
exist. However, the connection with column web stiffeners is advisable because their 
presence increases moment capacity up to 25%.
The FT model and its deformed shape o f the stiffened connection with 20mm 
S690 endplate are presented in Figure 5.53. Stiffener 12.0mm thick is applied to the 
column flange in order to enhance connection resistance. Significant response from 
composite action and column stiffener increases connection capacity significantly. Also it 
is observed that, the waiving o f column web stiffeners is not advisable because their 
absence causes premature failure in the column w'eb. This consequently leads to a drastic 
drop in moment and rotation capacities.
Figure 5.53 Deformed shape o f the SCC model; unit in mm
Plots o f Von Mises equivalent stress o f the SCC connection showing bare steel 
jo in t only with S690 20mm thick endplate and S355 column is presented in Figure 5.54.
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Ii can be seen that the model is successful in predicting maximum stress o f all connection 
members below their ultimate stress. The maximum stress o f the endplate reaches below 
the ultimate stress and also for the column flange stress. The response from stiffener and 
high strength endplate gives a moment connection capacity increase significantly. Figures 
5.55 and 5.56 show equivalent Von Mises stress distribution o f the SCC connection 
without and with column web stiffener.
The maximum stress o f high strength thick endplate reaches just below the ultimate 
stress. The maximum stress o f the beam shows the value beyond the yield stress, whilst 
column flange maximum stress reach just below the ultimate stress. It is clearly noticed 
that application o f the thicker endplate changes the yielding sequence o f endplate (in 
bending) and column flange (in bending). The response o f beam flange (in compression) 
shows early yield due to thicker plate applied, whilst the maximum stress is close to its 
ultimate stress. The high strength endplates give significant proportion o f maximum 
stress distribution, whereas the beam and column are kept with mild carbon steel. Figure 
5.57 shows stress contour o f the S690 thinner endplate. Figure 5.58 shows stress contour 
o f the S690 thicker endplate.
. 6 8 7
Figure 5.54 Stresss contour o f the bare steel jo in t with the S690 endplate; unit in MPa
5 9 2 0 1 1
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Figure 5.55 Equivalent Von Mises stress distribution in o f the SCC lb  -  without stiffener
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Figure 5.56 Hquivalent Von Mises stress distribution in o f the SC'('2b web stiffener
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Figure 5.57 Stress contours o f the connection with S690 thinner endplate; unit in MPa
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Figure 5.58 Stress contours o f the connection with S690 thicker endplate; unit in MPa
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In order to investigate the behaviour o f the connection, the stress contours o f 
angles are compared with those o f the column flange. The patterns o f stress contours o f 
column flanges and endplates with different grade and thickness o f endplates are very 
similar in general with differences only in the value and the spread o f plasticity. The 
stresses o f S690 endplate and S355 column flange, as was expected, are less than the 
ultimate stresses. Figure 5.59 shows that the maximum stresses o f endplate are located at 
both sides o f the bolt holes. Application o f a high strength endplate to the connection 
configuration gives significant propoition o f maximum stress distribution o f the endplate 
and column close to their ultimate stress , whereas the beam and column are kept to 
carbon steel.
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Figure 5.59 Stress contours o f the S690 endplate and S355 column; unit in MPa
In order to investigate further the difference between the response o f endplates 
with different grades and thicknesses, the plastic equivalent strain fields are compared in 
Figure 5.60. The plastic strain contours with two different steel grades are shown. The 
plastic strain values reach at almost the ultimate plastic strain until an earlier failure 
occurs because o f stress concentration and ductility problem, whilst the value o f 
maximum equivalent plastic strain is only at around 3.5x10"' radian until bolt failure 
occurs.
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Figure 5.60 Plastic strain o f the S690 endplate and S355 column; unit in MPa
In Figures 5.52 and 5.53, the moment-rotation curves o f the SCC lb  and SCC2b 
observed w ith the yielding sequence o f several components during the FE study. It is 
clearly noticed that, in the SCC lb  column web yields earlier than endpiate, the column 
flange and other components, whereas this trend is entirely different in case o f the SCC2b 
because o f the web stiffener. In this case, yielding o f the column web takes place w ith a 
higher in itia l moment capacity o f 195 KN.m as compared to SCC lb  i.e. 105 KN.m. 
However in both the cases, yielding o f beam bottom flange and bolts are in last order. It 
is clearly observed that, i f  the thickness o f endplate is less than the thickness o f the 
column flange and higher than the column web, the yielding o f the column web is prior to 
the endpiate. As the thickness o f endplate increases to be higher than the column flange 
(i.e. up to 40%) the trend o f  the yielding sequence is entirely different.
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Figure 5.61 M -8 curve with yielding sequence o f the components in FEA study.
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Figure 5.62 M -8  curve with yielding sequence o f the components in FEA study.
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Increasing the thickness o f the endplate from 10 mm to 20 mm increases both the 
moment capacity and the rotation with almost the same percentage in the range o f 20% to 
30%. But the trend o f the curves in all the cases follows the same patterns with a 
marginal increase in initial stiffness. In the case o f thickness o f plate almost twice than 
the column flange, it is found that, no advantage w ill be gained to increase the moment 
capacity o f connection for S275 grade steel due to excessive deflection o f the column 
flange and web. However, marginal increase in moment capacity can be achieved by 
increasing grade o f steel to S355 in the column section only.
5.4 Shear Bolted Connection
After following the procedures in section 3.5.5, different thicknesses o f higher strength 
spliced plate (tp) are applied on the shear connection. The plates are determined with 
different high strength steel grade such as S690, stainless steel (SS) 2205, and very high 
strength steel (VHS) S I350. Multilinear elastic-plastic approach with softening region is 
used to determine the material properties o f the plates for the FE model, whilst the yield 
stress is defined as 0.2% proof stress. The steel properties o f S690 plate having a 
Young’s modulus o f 202000 MPa and a Poisson’s ratio o f 0.3. The yield stress o f S690 
(fy) is 875.0 MPa, whilst the ultimate strength (fu) is 915.0 MPa. The steel properties o f 
stainless steel grade 2205 plate having a Young’s modulus o f 200000 MPa and a Poisson 
ratio o f 0.3. The yield stress o f SS 2205 ( f)  is 590.0 MPa, whilst the ultimate strength (fu) 
is 740.0 MPa. The steel properties o f VHS S1350 plate having a Young’s modulus o f
200,000 MPa and a Poisson ratio o f 0.3. The yield stress o f S I350 (fy) is 1385.0 MP2 . 
whilst the ultimate strength (fu) is 1510.0 MPa. The steel properties o f grade 10.9 bolt 
having a modulus o f elasticity o f 200,000 MPa and a Poisson ratio o f 0.3. The yield stress 
o f 10.9 bolt (fy) is 940.0 MPa, whilst the ultimate strength (fu) is 1070.0 MPa. The steel 
properties o f grade 10.9 bolt having a Young’s modulus o f 200,000 MPa and a Poisson 
ratio o f 0.3. The yield stress o f 12.9 bolt (ff) is 1150.0 MPa, whilst the ultimate strength 
(fu) is 1250.0 MPa.
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I he load-deformation response o f the softening model shows in f  igures 5.63 
5.65, that the failure behaviour o f the plate was initiated by deformation according to 
stress-strain curve patterns until the ultimate stress was reached. Model SLBla represents 
the S690 connection with the right end distance from bolt centre (ei) o f 36.0 mm and 
decreased by 6.0 mm. The ultimate force o f SLB-la is 280.6 KN, whilst it reaches 265.3 
KN for SLB-5a with 5.8% lower. The result shows that softening effect on both model 
resulted in similar pattern with failure load nearly same. Deformation mode under 
softening effect o f the connection model with bearing failure mode showing plate and 
bolt is presented in Figure 5.66. The right end distance from bolt centre (ei) is increased 
from 36.0 mm to 24mm as designated in SLB-3a. The result shows that softening effect 
on both model resulted in different pattern that the ultimate force is 71.7% higher at the 
value o f 480.4 KN. The deformation mode under softening effect o f the connection 
model with net section failure mode showing plate and bolt is presented in 5.67.
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Figure 5.63 Load-displacement relationship o f the S690 SLB connection
164
FE Model with High Strength and Stainless Steel
350
300
6  250
200
100
FE SLB-3b 
F E S L B -lb  
FES LB-5b
0 9 86
Dis place ment (nun)
Figure 5.64 Load-displacemeni relationship o f the SS 2205 SLB connection
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Figure 5.65 Load-displacement relationship o f the SI 350 SLB connection
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Figure 5.66 Deformed shape o f the connection with ei/cL^l.O under beanng failure
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Figure 5.67 Deformed shape o f the connection with ei/do=2.0 under net-section failure
In order to investigate further the difference between the response o f the plate 
with different grade and end distances, the plots o f von Mises’ stress contours are 
compared in Figures 5.68 -5.80. The stress contours at the ultimate load and rupture w ith 
three different steel grades are shown. The von Mises stress contours o f the S690 SLB 
connection are shown in Figures 5.68 -  5.75. The plot o f von Mises stress contours o f the
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SS 2205 SLB connection are shown in Figures 5.76 5.78. The von Mises stress
contours o f the SI 350 SLB connection are shown in Figures 5.79 - 5.80
Figure 5.68 Stress contours o f the S690 plate with ei/do=2.0 at the ultimate stress
5 3 . 5 4 8  2 4 2 . 5 5 8  4 3 1 . 5 6 8  6 3 0 . 5 7 7  8 0 9 . 5 8 7
1 4 3 . 0 5 3  3 3 7 . 0 6 3  5 2 6 . 0 7 3  7 1 5 . 0 8 2  9 0 4 . 0 9 2
Figure 5.69 Stress contours o f the S690 plate with ei/do=2.0 the rupture condition
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Figure 5.70 Stress contours o f the S690 plate with at the net section and bearing rupture
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61 . 207  250 . 221  433 . 234  628. 247 817 . 26 1
155.714 344 . 727  533 . 741  7 22 . 754  911.768
Figure 5.71 Stress contours o f the S690 plate with ei/d0= 1.2 at the ultimate stress
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Figure 5.72 Stress contours o f the S690 plate with ei/do=1.2 at the rupture condition
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Figure 5.73 Stress contours o f S690 plate w ith e|/do=1.0 at the rupture condition
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Figure 5.74 Stress contours o f the SS2205 plate with Ci/do=l .0 at the rupture condition
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Figure 5.75 Stress contours o f the SS2205 plate with ei/do=1.2 at the rupture condition
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Figure 5.76 Stress contours o f the SS2205 plate with e|/do=1.5 at the rupture condition
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Figure 5.77 Stress contours o f the S I350 plate with ei/do=1.0 at the ultimate stress
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Figure 5.78 Stress contours o f the SI 350 plate with e i/c l^ l.O  at the rupture condition
Figures 5.79 -  5.81 show the complete stress-deformation curves with the 
response o f the connection due to the softening effect.
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Figure 5.79 Complete stress-deformation curves o f the S690 SLB connection
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Figure 5.80 Complete stress-deformation curves o f the SS2205 SLB connection
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Figure 5.81 Complete stress-deformation curves o f the SI 350 SLB connection
Splice lap bolted connections based on FE modelling with double shear resistance 
are also analyzed with reference [11] and [14] to modem design codes. The comparison 
o f the FEA results and EC3 design code are depicted in Tables 5.12 -  5.14. The design
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bearing and net section resistance o f the plate and bolt are considered with different 
considered parameters such as the end distance from the boll centre to the edge and the 
net section o f the plate.
The design bearing resistance o f the bolts should be taken as:
k, is  th e  smallest o f  (2.5 ; 2.8 e2/d0 -  1.7 ; 1.4 e2/d0 -1 .7 )
; ah is the smallest o f  (1.0 ; ej/3d0 ; p|/3d0 -  1A ; rub/ fu)
f u is the specified ultimate strength
f uh is the specified ultimate strength o f the bolt
d is the nominal bolt diameter
tr is the thickness o f plate
y M; is  th e  p a r t ia l  fa c to r  fo r  n e t s e c t io n  re s is ta n c e  fo r  s te e is , Ymi: = Ym:=  i 25
For steel with grades greater than S460 and up to S700 the design resistance o f a net 
section should be taken as:
c _ h^ .otfo.fu.d.tp 
'  b Rd ~ ~
y M2
(5.6)
where
(5.7)
where
Anet is the net area o f the plate 
f ,  is the specified ultimate strength
yMi: is the partial factor for net section resistance for steels, Ymi2-Ym2 = 1-25
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Table 5.12
I Itimatc load and failure mode of (lie S690 SLB model
connection
destination
plate
(mm)
bolt
grade
Pul. (FE) 
(KN)
Pull (EC3) 
(KN)
Failure mode
SLB-la 10.0 M27 -  10.9 264.7 192.6 bearing
SLB-2a 10.0 M27 -  10.9 280.6 231.1 bearing
SLB-3a 10.0 M27 -  10.9 360.3 288.9 bearing &. net section
SLB-4a 10.0 M27 -  10.9 480.4 395.3 net section
SLB-5a 10.0 M27 - 10.9 521.8 395.3 net section
SLB-6a 8.0 M27 -  10.9 206.5 154.1 bearing
SLB-7a 8.0 M27 -  10.9 221.7 184.9 bearing
SLB-Sa 8.0 M27 -  10.9 286.4 231.1 bearing & net section
SLB-9a 8.0 M 2 7 -  10.9 384.3 316.2 net section
SLB- 10a 8.0 M 2 7 - 10.9 417.4 316.2 net section
Table 5.13
Ultimate load and failure mode of the SS2205 SLB model
.
connection
destination
plate
(mm)
bolt
grade
Pul* (FE) 
(KN)
Puit (EC3) 
(KN)
Failure mode i
SLB-lb 10.0 M 2 7 -  10.9 219.5 156.0 bearing
SLB-2b 10.0 M 2 7 - 10.9 247.7 187.2 bearing
SLB-3b 10.0 M 2 7 -  10.9 317.6 337.0 bearing &  net section
SLB-4b 10.0 M27 -  10.9 338.2 337.0 net section
SLB-6b 8.0 M27 -  10.9 173.4 124.8 bearing
SLB-7b 8.0 M27 -  10.9 196.9 149.8 bearing
SLB-Sb 8.0 M 2 7 - 10.9 254.1 269.0 bearing &  net section
SLB-9b 8.0 M 2 7 - 10.9 270.6 269.0 net section
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Table 5.14
Ultimate load and failure mode of the S1350 SLB model
connection
destination
plate
(mm)
bolt
grade
Puit (FE) 
(KN)
Puit(EC3)
(KN)
Failure mode
SLB-lc 10.0 M 2 7 - 12.9 431.9 225.0 bearing
SLB-2c 10.0 M 2 7 - 12.9 637.0 652.3 bearing
SLB-4c 10.0 M 2 7 - 12.9 690.0 652.3 net section
SLB-6c 8.0 M 2 7 - 12.9 336.8 180.0 bearing
SLB-7c 8.0 M 2 7 - 12.9 503.2 521.8 bearing
SLB-9c 8.0 M 2 7 - 12.9 552.0 521.8 net section
From the results in Tables 5.12 -  5.14, it can be seen that the designs are 
somewhat conservative despite the omission o f factors o f safety. The FE model o f SLB 
connection with net section failure shows significant results close to EC3 resistance 
design, and also for connections with combined bearing and net section failure. At the 
ultimate load, the failure mode type 3) which is a complete failure o f the plate occurred 
for almost all o f the connection with ei/d0>1.5 and different steel grades except for the 
connection with S690 plate. For the connection with ei/do=1.0, the bearing failure 
occurred for all the steel grade plate with the ultimate load much higher compared with 
EC3 resistance design. The minimum edge distance may be reduced to at least e\=\.Odo 
For the connection with e|/d0=1.2, bearing failure occurred for all the steel grade plates 
with the ultimate load showing a reasonable value compared with EC3 resistance 
design. The finite element model was used to confirm the predictions by studying the 
bearing and net section failure o f the bolt and plate.
176
FE Model w ith H igh Strength and Stainless Steel
5.5 Conclusions
Chapter 5 has focused on the development o f the finite element model with high 
strength and stainless steel. This chapter has three parts: angle bolted connections with 
high strength steel, endplate connections with high strength steel and shear connection 
with high strength and stainless steel. The influence o f different steel grades were 
presented on the connection behaviour as well as the softening effect on the shear 
connection. In addition to this, the moment rotation and load-deflection behaviour o f the 
connections was presented. Furthermore, stress contours o f each connection are given. 
From the study carried out, the following conclusions are drawn.
The overall results show that the application o f the high strength angles gives a 
significant increasing moment capacity o f 40%-95% for thinner angles whilst only 20%- 
50% for thicker angles except for the double web angle connection which only increased 
by 2-20%. For the improvement o f the TSAW connection capacity, it is necessary to 
consider applying only higher strength top and seat angles, whilst the thin web angle can 
be kept as mild carbon steel. The TSA connection with high strength steel gives a 
significant improvement o f the connection capacity, whilst it is not advisable to apply the 
high strength angle on the DWA connection.
Thicker high strength endplates gives a much higher by 10%-25% ultimate 
moment capacity, whilst the ultimate moment o f thinner high strength endplates can be 
increased by up to 40%. Waiving o f column web stiffeners is not advisable because their 
absence causes premature failure in the column flange. This consequently leads to a 
drastic drop in moment and rotation capacities. However, connections with column web 
stiffeners is advisable because their presence increases the moment capacity up to 25%. 
In the case o f the thickness o f the endplate almost being twice than the column flange, it 
is found that, no advantage w ill be gained to increase the moment capacity o f connection 
for S275 grade steel due to excessive deflection o f the column flange and web. However, 
a marginal increase in moment capacity can be achieved by increasing the grade o f steel 
to S355 for the column section only.
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The application o f high strength and stainless steel for the shear bolted connection 
gives two approaches o f resistance design calculation such as bearing resistance and net 
section resistance. Both design resistance from FEA show reasonable agreement with 
EC3, except for the connection with e[/do=1.0 which is rather conservative. It is 
reasonable that minimum edge distance ei can be used with the value o f 1.0do instead o f 
1.2d0 for all high strength steel grade including stainless steel grade SS2205 and very 
high strength steel grade S I350.
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C h a p te r  6
Parametric Study
6.1 Introduction
This chapter discuses the results from the previous analyses. These are the results o f finite 
element analyses o f high strength and stainless steel bolted connections. Furthermore, the 
results o f parametric studies w ill he discussed in order to understand the effects o f each 
component acting on the whole structure.
6.2 The Parametric Study
In order to find out which factor is the most influential for the behaviour o f the bolted 
connection, a series o f combinations o f the structural elements with different geometry 
had been analysed on the previous model. Results obtained are presented herein.
6.2.1 E ffe c t o f  d if fe re n t  steel g rades o f  the  ang le  and  e n d p la te
6.2.1.1 DW A connection
The two cases were modelled using 9.5mm and 12.5mm web angle thickness with 
different steel grade. The model produced the results shown in Table 6.1
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Table 6.1
Initial stiffness and ultimate moment of 9.5 and 12.5mm angles
model grade Rki (KN.ni/mRad) \ l u (KN.m) failure mode
D W A - lb S460 2.88 25.6 angle y ie ld in g
I ) W A - lc S550 2.93 28.1 angle y ie ld in g
D W A - Id S690 2.70 32.7 angle y ie ld in g
D W A -4 b S460 9.92 75.0 angle y ie ld in g
D W A -4 c S550 9.92 80.0 angle y ie ld in g
D W A -4 d
i
S690 9.56 92.5 angle y ie ld in g
The effect o f the different yield and ultimate stresses on the ultimate moment 
o f each o f the two cases can be more clearly seen in Figure 6.1.
90.0
80.0
9 .5 m m  a n g le  12 .5m m  a n g le
Figure 6.1 Chart showing ultimate moment for each case study
6.2.1.2 TSA connection
The two cases were modelled using 8.0mm and 12.5mm angle cleat thickness 
with different steel grade. The model produced the results shown in fable 6.2.
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Table 6.2
Initial stiffness and ultimate moment of 9.5 and 12.5 nun angles
model grade Rn (KN.m/mRad) M u (KN.m) failure mode
1'S A-3c S550 5.34 43.7 angle yielding
TSA-3b S460 5.15 40.0 angle yielding
TSA-lc S550 23.96 120.0 angle yielding
IS A -lb S460 24.14 115.0 angle yielding
The effect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
the two cases can he more clearly seen in Figure 6.2
150.0 •
135 0 •
120.0
9 .5 m m  a n g le  1 2 .5m m  a n g le
Figure 6.2 Chart showing ultimate moment for each case study
6.2.1.3 TSAW connection
The two cases were modelled using 8.0mm and 9.5mm angle cleat thickness with 
different steel grades. The model produced the results shown in Table 6.3.
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Table 6.3
Initial stiffness and ultimate moment of 8.0 and 9.5 mm angles
model grade Rki (K.N.m/mRad) M u (KiN.m) failure mode
ISA W- lb S460 16.33 50.8 angle yielding
TSAW -lc S690 14.96 75.8 angle yielding
TSAW-2b S460 16.41 52.1 angle yielding
TSAW-2c S690 15.54 76.2 angle yielding
The effect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
the two cases can he more clearly seen in Figure 6.3.
100.0
90 0 • B S460 □  S690
80.0 • 75.8 76.2
^  70.0
E
8.0mm angle 9.5mm angle
Figure 6.3 Chart showing ultimate moment for each case study
6.2.1.4 FEP connection
The two cases were modelled using 12.0mm and 15.0mm end plate thicknesses 
with different steel grades. The model produced the results shown in Table 6.4.
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Table 6.4
Initial stiffness and ultimate moment of 12.0 and 15.0mm plates
The eft 
the two
200.0 •
180.0 -
160.0 •
^  140.0 -
E
z  120.0 -I
100.0 ;
(1)
E 80.0 ; o
^  60.0 |
40.0 I
20.0 ;
I
0.0
Figure 6.4 Chart showing ultimate moment for each case study
6.2.1.5 EPTB connection
The two cases were modelled using 10.0mm and 15.0mm endplate thicknesses 
with different steel grades. The model produced the results shown in Table 6.5.
■  S550 □  S690
12.0mm plate 15.0mm plate
model grade Rki (KN. m/ in Rad) M„ (KN.m) failure mode
EEP-lb S550 11.35 103.8 plate yielding
FEP-ld* S690 11.90 i 20.0 column yielding
FEP-lc S550 11.93 118.8 plate yielding
FEP-1 f* S690 12.38 127.0 Bolt yielding
ect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
cases can be more clearly seen in Figure 6.4.
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Table 6.5
Initial stiffness and ultimate moment of 10.0 and 15.0mm plates
model grade Rkl (KN.m/mRad) M u (KN.m) failure mode
HPHS-5b S550 9.42 60.8 plate yielding
EPHS-5c S690 9.22 68.7 plate yielding
FPUS-lb S550 19.42 102.3 plate yielding
EPHS-lc S690 19.15 115.2 bolt yielding
The effect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
the two cases can be more clearly seen in Figure 6.5
150.0
135.0  -
12Q o . OS550 □ S690 115.2
10 .0m m  p la te  12 .0m m  p la te  15 .0m m  p la te
Figure 6.5 Chart showing ultimate moment for each case study
6.2.1.6 SCC connection
The two cases were modelled using 10.0mm and 20.0mm endplate thicknesses 
with different steel grade. The model produced the results shown in Table 6.6.
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Table 6.6
Initial stiffness and ultimate monie ,0 and 20.0mm plates
model grade Ru (RN.m/niRad) M u (KN.ni) failure mode
SCC-Id S460 67.53 220.2 plate yielding
see-lb S690 66.33 229.2 column yielding
SCC-le S460 73.25 223.2 plate yielding
SCC-lc S690 72.80 233.5 bolt yielding
The elfect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
the two cases can be more clearly seen in Figure 6.6.
350.0 • -
315.0 •
■  S460 □  S690
280.0 •
10.mm piate 20.mm plate
Figure 6.6 Chart showing ultimate moment for each case study
6.2.2 E ffe c t o f  the  d if fe re n t  th icknesses o f the  ang le  a nd  e n d p la te
6.2.2.1 DWA connection
The two cases were modelled using S460 and S690 web angle with different angle 
thickness. The model produced the results shown in Table 6.7
1S5
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Table 6.7
Initial stiffness and ultimate moment of S460 and S690 angles
model t„a (mm) Rki (KN.in/niRad) Mu (KN.m) failure mode
D W A -lb 9.5 2.88 25.6 angle yielding
DWA-2b 11.0 4.46 40.0 angle yielding
I)WA-4b 12.5 9.92 75.0 angle yielding
DW A-lc 9.5 2.70 32.7 angle yielding
W > i to r. 11.0 4.56 43.7 angle yielding
DWA-4c 12.5 9.56 92.4 angle yielding
The effect o f the different angle thicknesses on the ultimate moment o f each 
o f the two cases can be more clearly seen in Figure 6.7
100 0
90 0 B 9.5mm □  11.0mm □  12.5mm
E
Z
co
E
o
2
bO.O j!
70.0 •
60.0 -
50.0 •
40.0 • 
3C.0 -
20.0  -  
10.0 •
0.0  -
75.0
S460 angle
92.4
43.7
S690 angle
Figure 6.7 Chart showing ultimate moment for each case study
6.2.2.2 TSA connection
The two cases were modelled using 8.0mm and 12.5mm angle cleat thickness 
with different steel grades. The model produced the results shown in Table 6.8
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Table 6.8
Initial stiffness and ultimate moment of S460 and S550 angles
model twa (mm) Ry (KN.m/mRad) M u (KN.m) failure mode
TSA-4b 8.0 3.84 28.8 angle yielding
TSA-3b 9.5 5.15 40.0 angle yielding
IS A -lb 12.5 7.33 60.0 angle slip
TSA-4c 8.0 4.02 33.1 angle yielding
TSA-3c 9.5 5.34 43.7 angle yielding
ISA- lc 12.5 7.96 67.0 angle slip
. . . .  ~ . . .  _______
The effect o f the different angle thicknesses on the ultimate moment o f each o f the two 
cases can be more clearly seen in Figure 6.8.
E
5
100.0
■ 8.0mm □9.5m m  □  12.5mm
80.0 •
70.0 •
2 0 .0  -
10.0  ■
S460 angle S550 angle
Figure 6.8 Chart showing ultimate moment for each case study
6.2.2.3 TSAW  connection
The two cases were modelled using S460 and S690 angle cleat thickness with 
different angle thicknesses. The model produced the results shown in Table 6.9.
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Table 6.9
Initial stiffness and ultimate moment of S460 and S690 angles
Model tsa  (mill) Ru (KN.m/mRad) M u (KN.m) failure mode
ISA W -lb 8.0 16.33 50.8 angle yielding
TSAW-2b 9.5 16.41 52.1 angle yielding
TSAW-3b 12.5 37.21 76.2 angle slip
TSAW -lc 8.0 14.96 75.8 angle yielding
TSAW-2c 9.5 15.54 76.1 angle yielding
TSAW-3c 12.5 36.18 110.4 angle slip
The effect o f the different angle cleat thicknesses on the ultimate moment o f each o f the 
two cases can be more clearly seen in Figure 6.9.
160.0
144.0 -!
128.0
112.0 -j
J  96.0 \
*
t r  8o.o -
C  j<D
E 64.0 - o i
48.0 -
32.0
16.0 
0.0  -
Figure 6.9 Chart showing ultimate moment for each case study
6.2.2.4 FEP connection
The two cases were modelled using S460 and S690 endplate w ith different 
endplate thicknesses. The model produced the results shown in Table 6.10.
8.0mm □  9.5mm □  12.5mm
1104
75.8 76.1
50.8 52 1
S460 angle S690 angle
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Table 6.10
Initial stiffness and ultimate moment of S550 and S690 endplates
Model ttp (mm) Rk, (K.N.m/mRad) M u (KN.m) failure mode
FEP-lb 12.0 12.10 103.8 plate yielding
I IP - lc 15.0 12.93 118.8 plate yielding
FEP-le* 1S.0 18.50 133.6 column yielding
FEP-ld* 12.0 1 1.90 120.0 plate yielding
FEP-lf* 15.0 12.38 127.0 plate yielding
FEP-lg* 18.0 12.90 143.6 column yielding
1 he effect o f the different endplate thicknesses on the ultimate moment o f each o f the 
two cases can he more clearly seen in Figure 6.10.
200.0
180.0 □  12.0rrm □  15.0mm □  18.0mm
S550 plate S690 p'ate
Figure 6.10 Chart showing ultimate moment for each case study
6.2.2.5 EPTB connection
The two cases were modelled using S550 and S690 endplate with different 
endplate thicknesses. The model produced the results shown in fable 6 .1 1.
I___________________________________________________________________________
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Table 6.11
Initial stiffness and ultimate moment of S550 and S690 plates
model tcp (mm) Ru (KN.m/m Rad) M u (KN.m ) failure mode
EPTB-5b 10.0 9.42 60.8 plate yielding
EPTB-5c 15.0 19.42 102.3 plate yielding
EPTB-lb 10.0 9.22 68.7 plate yielding
EPTB-lc 15.0 19.15 115.2 plate yielding
The effect o f the different plate thicknesses on the ultimate moment o f each o f the two 
cases can be more clearly seen in Figure 6.11.
150.0 — ---------
135.0 •
120.0  «
105.0 •
E 90.0 •
75.0 "I
{—
Cl)
E 60.0 o
45.0 i
30.0 -i
15.0 II
0.0 -
Figure 6.11 Chart showing ultimate moment for each case study
6.2.2.6 SCC connection
The two cases were modelled using S460 and S690 endplate with different end 
plate thicknesses. The model produced the results show n in Table 6.12.
10.0mm □  15 0mm
115.2
102.3
S550 plate S690 plate
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Table 6.12
Initial stiffness and ultimate moment of S460 and S690 plates
Model tep (mill) Ru (K.N.m/m Rad) M u (KN.m) failure mode
SCC-Id 10.0 67.53 220.2 plate yielding
see-lb 20.0 73.25 223.2 plate yielding
SCC-le 10.0 66.33 229.1 column yielding
SCC-lc
L
20.0 72.80 233.5 bolt yielding
The effect o f the different endplate thicknesses on the ultimate moment o f each o f the 
two cases can be more clearly seen in Figure 6.12.
300.0 -
270.0 •
240 0
210.0 
J  180.0 •
2T 150.0 • 
c  0
E 120.0 - o
^  I
90.0 -I
60.0 -
I
30.0 •
0.0  -
Figure 6.12 Chart showing ultimate moment for each case study
6.2.3 Effect of d ifferent sizes o f beam
6.2.3.1 DWA connection
The two cases were modelled using W 12x27 and W 18x50 beams with different 
steel grades. The model produced the results shown in Table 6.13.
■  10.0mm □  20.0rrm
S460 plate S69C plate
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Table 6.13
Initial stiffness and ultimate moment of S460 and S690 angles
model beam size Ru (KN.m/mRad) M u (KN.m) failure mode
D W A -lb W 12x27 4.46 40.0 angle yielding
DWA-2b W 18x50 9.92 75.0 angle yielding
DWA- lc W 12x27 4.56 43.7 angle yielding
DWA-2c W 18x50 9.56 92.5 angle yielding
The effect o f the beam sizes on the ultimate moment o f each o f the two cases can 
be more clearly seen in Figure 6.13.
90.0 • ■  W12x27 □  W18x50
80 0 75.0
7n n .
S460 angle S690 angle
Figure 6.13 Chart showing ultimate moment for each case study
6.2.3.2 TSA connection
The two cases were modelled using 457xl91x67UB and 305x165x40UB with 
different steel grades. The model produced the results shown in Table 6.14.
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Table 6.14
Initial stiffness and ultimate moment of S460 and S550 angles
model beam size Kki (KN.m / in Rad) M u (KN.m) failure mode
IS A -lb 305x 165x401) B 5.15 40.0 angle yielding
TSA-2b 457x 191 \67UB 15.12 87.4 angle yielding
TSA-lc 305x165x40U B 5.34 43.7 angle yielding
TSA-2 c 457x191x671’B 14.27 94.0 angle yielding
The effect o f the different beam si/.es on the ultimate moment o f each o f the two cases 
can be more clearly seen in Figure 6.14.
150.0 ■
135 0 o  305x165x40UB □  457x 191x67U6
120.0
S460 ang'e S550 angle
Figure 6.14 Chan showing ultimate moment for each case study
6.2.3.3 TSAW  connection
The two cases were modelled using W8x21 and W14x38 beam with different 
steel grades. The model produced the results shown in Table 6.15.
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Table 6.15
Initial stiffness and ultimate moment of S460 and S690 angles
model beam size Ru (KN.m/mRad) M u (KN.m) Failure mode
TSAW -lb W 8x21 16.33 50.8 angle yielding
TSAW-2b W 14x38 16.41 97.1 angle yielding
TSAW -lc W 8x21 14.96 52.1 angle yielding
TSAW-2c W 14x38 15.54 103.7 angle yielding
The effect o f the different beam size on the ultimate moment o f each o f the two cases 
can be more clearly seen in Figure 6.15.
150.0
135.0 •
120.0  •
105.0 •
90.0 ■
75.0 -j
60.0 -j
45.0 •
30.0 •
15.0 -j 
0.0  -
Figure
W8X21 □  W 14X38
97.1
103.7
S690 ancleS460 angle
6.15 Chart showing ultimate moment for each case study
6.2.3.4 FEP connection
The two cases were modelled using 1PE240, HE320A and 406x178x60UB beams 
with different steel grade. The model produced the results shown in Table 6.16.
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Table 6.16
Initial stiffness and ultimate moment of SS50 and S690 plates
model beam size Ru (KN.m/mRad) M u (KN.m) failure mode
FEP-lb 1PE240 11.93 118.8 plate yielding
FEPl-3b HE320A 14.54 128.5 plate yielding
FEP-ld* 406x178x60 44.60 173.4 plate yielding
FEP-lc IPE240 12.38 127.0 plate yielding
FEPl-3c HE320A 14.42 140.0 bolt yielding
FEP-1 f* 406x178x60 43.58 178.2 plate yielding
The effect o f the different yield and ultimate stresses on the ultimate moment o f each o f 
the two cases can be more clearly seen in Figure 6.16.
250.0 '—
225.0 , O IPE240 □  HE320A □  406X178X60UB
S550 plate S690 plate
Figure 6.16 Chart showing ultimate moment for each case study
6.2.3.5 EPTB connection
The two cases were modelled using 200x100x9RHS and 150xl50x9SHS beams 
with different steel grades. The model produced the results shown in Table 6.17.
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Table 6.17
Initial stiffness and ultimate moment of S550 and S690 plates
model beam size Ru (KN.m/m.Rad) M„ (KN.m) failure mode
EPI B-7b 200x100x9 12.57 85.4 plate yielding
HPIB-Sb 150x150x9 9.54 73.0 plate yielding
EPTB-7c 200x100x9 12.43 92.1 plate yielding
EPTB-8e 150x150x9 9.32 84.2 plate yielding
The effect o f the different beam sizes on the ultimate moment o f each o f the two cases 
can be more clearly seen in f  igure 6.17.
120.0  -------
■  150x150x9SHS □  200x100x9RHS
S550 angle S690 angle
Figure 6 .17 Chart showing ultimate moment for each case study
6.2.4 Effect of the stiffened column
6.2.4.1 TSAW connection
The two cases were modelled using stiffened and un-stiffened column with 
different steel grades. The model produced the results shown in Table 6.18.
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Table 6.18
Initial stiffness and ultimate moment of S460 and S690 angles
Model column Kki (KN. m/m Rad) M u (KN.m) Failure mode
TSAW -lb stiffened 16.33 50.8 angle yielding
TSAW -le un-stiffened 15.51 49.5 angle yielding
TSAW-2b stiffened 14.96 75.8 angle yielding
TSA\V-2c un-stiffened 14.26 74.3 angle yielding
The effect o f the column stiffener on the ultimate moment o f each o f the two cases can 
he more clearly seen in Figure 6.18.
100.0
90.0 •
80.0 •
70.0 -j
|  60.0 j 
*
50.0 •
c  0)
E 40.0 • o
30.0 •
20 0 -j
10.0 i
I
C .O  -1-----------------
Figure 6.1
6.2.4.2 FEP connection
The two cases were modelled using stiffened and un-stiffened column with 
different steel grades. The model produced the results shown in Tabie 6.19.
un-strffened □  stiffened
74.3 75.8
 J
S460 angle S690 angle
Chart showing ultimate moment for each case study
197
Parametric Study
Table 6.19
Initial stiffness and ultimate moment of S550 and S690 plates
Model column Kki (KN.m/mRad) M u (KN.m) failure mode
FEP-lc* stiffened 1 1.93 127.0 plate yielding
I 'll P-1 c un-stiffened 11.35 103.8 column yielding
FFP-lf* sti ffened 12.38 131.0 plate yielding
FE P-lf un-stiffened 11.58
................ _ . . .
118.8 column yielding
I he effect o f the column stiffener on the ultimate moment o f each o f the two cases can 
be more clearly seen in Figure 6.19.
200.0
180.0 s  un-stiffenea □  stiffened
160.0
140.0 • 127 0 131.0
S550 plate S690 plate
Figure 6.19 Chart showing ultimate moment for each case study
6.2.4.3 SCC connection
The two cases were modelled using stiffened and un-stiffened column with 
different steel grades. The model produced the results shown in Table 6.20.
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Table 6.20
Initial stiffness and ultimate moment of S460 and S690 plates
Model column Rw (KiN.m/mRad) M u (KN.m) Failure mode
SCC-2c sti ffened 67.53 220.2 plate yielding
SCC - 1 c un-stiffened 61.25 210.2 column yielding
SCC-2b stiffened 73.71 288.0 plate yielding
see-lb un-stiffened 66.33 229.0 column yielding
The effect o f the column stiffener on the ultimate moment o f each o f the two cases can 
be more clearly seen in f  igure 6.20.
350.0 ■
315 0 • ■ un -s tiffened  □  stiffened
280.0
S46G plate S690 plate
Figure 6.20 Chart showing ultimate moment for each case study
6.2.5 Effect of different steel grades of spliced plate
6.2.5.1 SLB connection (mode-1)
The two cases were modelled using 10.0mm spliced plate thickness and edge 
distance o f 36mm and 45mm with different steel grades. The model produced 
the results shown in Table 6.21.
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Table 6.21
Maximum resistance and rupture load for ei/d„=l.2 and 1.5
model grade Pm«(KN) Prp(KN) failure mode
SLB- la S690 280.8 204.9 bearing
SLB-lb 2205 248.1 225.2 bearing
SLB-lc SI 350 435.2 370.4 bearing
SLB-2a S690 360.3 252.3 bearing
SLB-2b 2205 317.7 243.5 bearing
SLB-2c SI 350 637.5 601.S bearing
I'he effect o f the different yield and ultimate stresses on the maximum resistance 
o f each o f the two cases can be more clearly seen in Figure 6.21.
800.0 ■
■  2205 □  S690 □  SI 350
e1/do=1.2 e1/do=1.5
Figure 6.21 Chart showing maximum resistance for each case study
6.2.5.2 SLB connection (mode-2)
The two cases were modelled using 10.0mm spliced plate thickness and edge 
distances o f 36mm and 45mm with different steel grades. The model produced 
the results shown in Table 6.22.
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Table 6.22
Maximum resistance and rupture load for e|/do=2.0 and 2.5
model grade Pmax(KN) P rp (K N ) failure mode
SLB-3a S690 480.4 435.5 net section
SLB-3b 2205 317.6 291.5 net section
SLB-3c SI 350 690.0 627.0 net section
SLB-4a S690 521.7 459.4 net section
SLB-4b 2205 344.9 275.3 net section
SLB-4c SI 350 740.3 635.0 net section
The effect o f the different yield and ultimate stresses on the maximum resistance two 
cases can he more clearly seen in Figure 6.22.
800.0
0.0 -
740.3
700.0 ■
600.0 •
V  500.0
400.0
338.2
cn 300.0 ■
200.0
100.0  •
690.0 H 2205 n  S690 □  S1350
480.4
521.7
e1 /do= 2 .0
Figure 6.22 Chart showing maximum resistance for each case study
e l / d o =2.5
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6.2.6 Effect of different thicknesses of the spliced plate
6.2.6.1 Sl.B connection (mode-3)
I he three cases were modelled using edge distances o f 36mm and steel grades 
2205, S690 and S I350 plate with different plate thicknesses. The model produced 
the results shown in fable 6.23.
Fable 6.23
Maximum resistance and rupture load for 2205, S690 and S I350 plates
model tp (mm) Pm«(KN) Prp(KN) failure mode
SLB-6b 8.0 196.9 182.0 bearing
SLB-lb 10.0 248.1 225.2 bearing
SLB-6a 8.0 221.7 175.3 bearing
SLB-la 10.0 280.8 204.9 bearing
SLB-6c 8.0 340.2 325.0 bearing
SLB-lc 10.0 435.2 370.4 bearing
The effect o f different thicknesses o f the spliced plates on the maximum 
resistance o f each o f the three cases can be more clearly seen in Figure 6.23.
500.0
2205 S690 S1350
Figure 6.23 Chart showing maximum resistance for each case study
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6.2.6.2 SLB connection (mode-4)
The three cases were modelled using edge an distance o f 60mm and stainless steel 
grade 2205 plate with different plate thicknesses. The model produced the results shown 
in Table 6.24.
Table 6.24
Maximum resistance and rupture load for 2205, S690 and S I350 plates
model t,, (mm) Pmav(KN) Prp(KN) failure mode
SLB-8b 8.0 270.6 240.3 net section
SLB-3b 10.0 338.2 291.5 net section
SLB-8a 8.0 384.3 364.5 net section
SLB-3a iO.O 480.4 435.5 net section
SLB-8c 8.0 525.3 429.6 net section
SLB-3c 10.0 655.2 627.0 net section
The effect o f different thickness o f the spliced plates on the maximum resistance 
o f each o f the three cases can be more clearly seen in Figure 6.24.
I  800.0--------
720.0 - j -
640.0 -j
|
^  560.0 -j
z
^  480.0 •
0)
c  400.0 - 
2
320.0 i
<I )0
X - 240.0 •
160.0 j
80.0 j
0.0  - —
Figure 6.24 Chart showing maximum resistance for each case study
655.2
tp=8.0nm □  tp=10.0mm
2205 S690 S1350
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6.2.7 Kffect of different edge distances of the bolt
6.2.7.1 SLB connection (mode-5)
The two cases were modelled using spliced plate thickness o f 8mm and 10mm 
with steel grade 2205 and different edge distance to centre o f bolt. The model produced 
the results shown in Table 6.25.
Table 6.25
Maximum resistance and rupture load with tp=8.0 and 10mm
model ei/d„ Pm ax(KN) P rp (K N ) failure mode
SLB-10b 1.0 173.4 156.3 bearing
SLB-6b 1.2 196.9 169.8 bearing
SLB-8b 2.0 270.6 245.6 net section
SLB-5b 1.0 219.5 197.4 bearing
SLB-lb 1.2 248.1 225.4 bearing
SLB-3b 2.0 338.2 291.5 net section
The effect o f the varying edge distances o f the bolt on the maximum resistance o f 
each o f the two cases can be more clearly seen in Figure 6.25.
ae1/do=1.0 □e1/do=1.2 ae1 /do=2.0
tp=8.0mm tp=10.0mm
Figure 6.25 Chart showing maximum resistance for each case study
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6.2.7.2 SLB connection (mode-6)
The two cases were modelled using spliced plate thicknesses o f 8mm and 10mm 
with steel grade S690 and different edge distances to centre o f holt. The model 
produced the results shown in Table 6.26.
Table 6.26
Maximum resistance and rupture load with tp=8.0 and 10mm
model cj/do Pnuu(KN) P rp (K N ) failure mode
SLB-10a 1.0 206.5 165.3 bearing
SLB-6a 1.2 221.7 175.3 bearing
SLB-8a 2.0 384.3 364.5 net section
SLB-5a 1.0 264.7 222.0 bearing
SLB-la 1.2 280.8 204.9 bearing
SLB-3a 2.0 480.4 435.6 net section
'The effect o f the different edge distances to centre o f the bolt on the maximum resistance 
c f  each o f the two cases can be more clearly seen in Figure 6.26.
600.0 —
5 4 0 .0 - a e l/d o = 1 .0  De1/do=1.2 □  e1/do-2.0 >
480.4
480 0
tp=8.0mm tp=10.0mm
Figure 6.26 Chart showing maximum resistance for each case study
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6.2.7.3 SLB connection (mode-7)
The two cases were modelled using spliced plate thicknesses o f 8mm and 10mm 
with steel grade S1350 and different edge distances to centre o f bolt. The model 
produced the results shown in fable 6.27.
Table 6.27
Maximum resistance and rupture load with tp=8.0 and 10mm
model e>/d0 Pmax(KN) Prp(KN) failure mode
SLB- 10c 1.0 337.0 277.0 bearing
SLB-6c 1.2 340.2 276.5 bearing
SLB-8c 2.0 525.7 358.7 net section
SLB-5c 1.0 432.0 370.0 bearing
SLB-lc 1.2 435.2 362.2 bearing
SLB-3c 2.0 600.0 635.0 net section
The effect o f varying edge distances o f the bolt on the maximum resistance o f 
each o f the two cases can be more clearly seen in Figure 6.27.
800.0 ------------------------------------------
oe1/do=1.0  ae1 /do=1.2  De1/do=2.0
tp=8.0mm tp=10.0mm
Figure 6.27 Chart showing maximum resistance for each case study
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6.3 Discussion from the Parametric Study
Based on the parametric study, it can be seen that the different steel grades, plate 
thicknesses, beam sizes, and ej/d0 ratio have significant influence on the resistance o f the 
connections. Three different material properties o f steel grade S460, S550 and S690 are 
being applied on the PR connection to investigate the associated changes in the ultimate 
moment and rotational capacity. The effect o f beam size on the connection capacity is 
also investigated by applying different levels o f beam depth. Three different sets o f steel 
grade S2205, S690 and S I350 are being applied on the SLB connection to investigate the 
associated changes in the ultimate load and load resistance at fracture o f the joint. The 
effect o f stiffer material on the maximum resistance is investigated by applying different 
levels o f angle and plate thickness. The effect o f edge distance on the SLB connection 
resistance is also investigated by applying different levels o f ei/d0 ratio.
The ultimate moment o f the angle bolted connection for different steel grade is 
plotted in the Figures 6.1 - 6.3. It can be observed that with the increase in the ultimate 
strength, there is a significant increase in the ultimate moment whilst the initial stiffness 
is no significant change. The ultimate moment o f the S690 and S550 angles increases by
n o i  HRS
i f j f u i )  and ( f u i/ f u i)  respectively, when compared with S460 angles. The ultimate 
moment o f the end plate connection for different steel grade is plotted in the Figure 6.4 - 
6.5. It can be seen that with the increase in the ultimate strength, there is a significant 
increase in the ultimate moment whilst the initial stiffness is no significant change. The 
ultimate moment o f the S690 thin end-plates increases by CW/i,;?)0 80 times when 
compared with S550 ones, whilst the ultimate moment o f S690 thicker end plates 
increases by ( ^  times when compared with S550 ones. The ultimate moment o f 
the SCC connection is plotted in Figure 6.6. The ultimate moment o f the S690 end plates 
increases by (f j f ui )020 times when compared with S460 ones.
Since the stiffer angles o f the angle bolted connection are likely to increase the 
ultimate moment and initial stiffness significantly as plotted in the Figures 6.7 -  6.9. The 
ultimate moment o f the 11.0mm and 12.5mm thick web angles increases by (,f>«,;? //,198 
and (twa3/twai) ] 95 times when compared with 9.5mm thick ones. The ultimate moment and
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initial stiffness o f the 9.5mm and 12.5mm thick seat angles increases by (txa2^sai)143 and 
(tsJtsa,)] 5* times when compared with 8.0mm thick ones. When the web angle is applied 
on the TSAW connection, there is no significance changes on the ultimate moment and 
initial stiffness as the increase is only by (tSa3 s^a2)°5° times.
The ultimate moment o f the endplate connection for different endplate thickness 
is plotted in the Figures 6.10-6.12. It can be observed that with the increase in the angle 
thickness, there is a significant increase in the ultimate moment. The ultimate moment o f 
the 15.0mm and 18.0mm thick flush endplates increases by (tep2/tepi)lU  and (tep3/tcpi)] 61 
times, respectively, when compared with 12.0mm thick ones. The ultimate moment o f the 
15.0mm thick endplates o f EPTB connection increases by ( /^ V /^ ;)130 times when 
compared with 10mm thick ones. When the concrete slab is applied on the SCC 
connection, there is no significance changes on the ultimate moment and initial stiffness 
as the increase is only by (tsa3 s^a2)° '° or approximately 1.1 times.
The ultimate moment o f the PR connection for different beam depth is plotted in 
the Figures 6.13 - 6.18. As expected, the ultimate strength increases, there is a significant 
i n c r e a s e  in the ultimate moment and initial stiffness. The ultimate moment o f the deeper 
beam increases by (hi/h/) “ times when compared with the shallow beam. The presence 
o f the column web stiffener on the end plates connection gives significance change on the 
ultimate moment, whilst there is no significance change on the angle bolted connection as 
shown in Figure 6.18 - 6.20.
The ultimate resistance and rupture resistance o f the SLB connection increases 
significantly when the ultimate strength and ej/do ratio increase as plotted in the Figures 
6.21 - 6.27. The ultimate resistance o f S690 and S I350 spliced plates under bearing 
failure increases by (fU2,3/fui)°28 and {f U2.3/fut) °66 times, respectively, compared with 
SS2205 ones, whilst the rupture resistance o f S690 and S I350 plates increases by 
<fu2.3/fuif2'  and (fu2.3/f<i)0:)0 times, respectively. The ultimate and rupture resistance o f 
S690 and S1350 spliced plates under net section failure increases by ifu id fu if92 times 
compared with SS2205 ones. The ultimate and rupture resistance o f SLB connection with 
ej/do< 1.5 and ej/do> 1.5 increases by (ej j /ej j )0 35 and {e/ j /ei j )025 times, respectively.
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6.4 Static Frame Analyses
The model uses the BEAM23 and ('OM BIN39 elements for the static frame 
analyses. For this stage both the beam-to-column and the base rotational stiffness were 
changed to check how the mid span beam and sway deflection are effected; by 
conducting a total o f 126 analyses for both cases, o f which results are given in tables that 
are reported in each section. The single story frame model shown in Figure 6.28 has been 
loaded with two point loads F (K.N) at one third span on each beam and one horizontal 
point loads at floor level o f 1/5 o f the vertical force.
2F/10
F/2
G c
r'SAA-
r
L o
->l
11
V
z
V
Figure 6.28 Single storey frame model
6.4.1 Non-Sway Static Analyses
For the non-sway analyses the frame model has been restrained from moving horizontally 
as shown below. Three sets o f analyses were carried out, the first one considered this 
j frame with an angle connection, the second set o f analyses wdth endplate connection, and 
the third set o f analyses was carried out with slab; the influence o f this last on the static 
performance o f a frame with different jo int stiffness is investigated.
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A,,,.<4.8/200
B1 -  305x165x40 UB 
C l -203x203x60 UC
3.6m
B2 - 457x191x67 UB
C2 -  254x254x73 IJC
Figure 6.29 Non-sway model
Two types o f non-sway frame are modeled, which the first model was built using 
305x165x40UB main beam (B l)  and 203x203x60UC column (C l) and the second model 
was built using 457x191x67 UB main beam (B2) and 254x254x73UC column (C2). The 
results give values ot the deflection at mid-span o f the main beams (Anis), at the first and 
second set o f the analyses with the applied point load o f 100KN and 200KN are reported 
in Tables 6.28 and 6.29, respectively. The maximum-recorded value o f first model is 
114.13mm and the minimum is 6.22mm, which show's that with the combined increase in 
stiffness o f the base and beam-to-column jo in t with a 25% decrease in beam deflection. 
The maximum-recorded value o f second model is 11.27mm and the minimum is 5.58mm. 
jwhich shows that with the combined increase in stiffness o f the base and beam-to-column 
jo in t with a 17.5% decrease in beam deflection. W ithin the range o f values selected for 
the jo in t stiffness, these that most influence the deflection o f the main beams were w ithin 
the middle o f the range spanning between 3.21 to 97.53 KN.m/mRad for the first model 
and 9.56 to 48.23 KN.m/mRad for the second model.
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Table 6.28
Maximum vertical deflection of the main beams for the non-sway frame (1)
^ \ I K
CB Rki
DVVA T S A I TSA2 T S A W FEP1 FEP2 s e e
Ru - 3.21 5.60 9.60 14.96 21.00 28.50 97.53
Pinned 0 14.13 13.37 12.68 12.20 11.90 11.68 6.73
Sem i-rig id (>4.0 14.06 13.22
ITiri
I
12.02 11.76 11.58 6.67
Fixed oo 13.99 13.12 12.29 11.69 11.31 11.03 6.22
Table 6.29
Maximum vertical deflection of the main beams for the non-sway frame (2)
BC
( B Rki
DVVA T S A I TSA2 T S A W l TSAVV2 FEP1 sec
Ro - 9.56 14.27 15.21 30.82 37.21 47.15 125.87
Pinned 0 11.27 10.84 10.77 10.09 9.93 9.84 5.85
S em i-rig id 64.0 11.20 10.75 10.70 9.95 9.82 9.71 5.79
Fixed GO 11.14 10.63 10.55 9.72 9.53 9.32 5.58
The values reported above are plotted in Figure 6.30, where the beam-to-column 
BC) stiffness is plotted against the maximum vertical deflection o f the main beams. Each 
different line on the chart shown the results for different column base (C'B) connection 
stiffnesses.
Looking at the stress in the top end columns, one can see that i f  both joints 
stiffness are increased, a gradual increase in bending moment obtained. The maximum 
/alue recorded is 139.0 KN.m and the minimum is 108.0 KN.m, with a total difference o f 
22%. The graphical representation o f the bending moment distribution, from ANSYS, 
vithin the non-sway frame with low and high stiffness is shown in Figure 6.31.
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Figure 6.30 Maximum vertical deflection o f the main beams for the non-sway frame
Figure 6.31 Bending moment distribution o f the non-sway model for: (a) fu lly  pinned 
base and beam-to-column jo in t (b) fu lly  fixed base and beam-to-column jo in t
The column base stiffness rig idity is an important parameter in the performance o f 
the frame and suggestion is that is has to be considered in the design process. I f  we 
compare the two sets o f analyses we immediately see the difference o f response o f the 
two different frames subjected to the same loading and constraints. The addition o f the
212
Parametric Study
concrete slab considerably increases the strength o f the frame and this has a direct impact 
on the local deflections and internal stresses o f the frame, decreasing them both.
6.4.2 Sway Static Analyses
The same model used from the previous section is used here for the sway analyses, with 
the only difference that the horizontal constraint at the column ends, Figure 6.31, the 
loads applied on the frame are the same too. Three sets o f analyses were performed, first 
on the steel frame only with angle connections, and on the steel frame with end plate 
connection, and then on the same one frame with concrete floor. Both vertical and 
horizontal deflections o f the frame have been recorded The vertical corresponding to the 
maximum beam deflection and horizontal to the maximum lateral displacement at the top 
o f the columns, where the load is applied.
172 172
Ac<3.6/200
k -►
B1 -  305x165x40 UB
C l -203x203x60 UC
3.6m
B2 - 457x191x67 UB
C2 -  254x254x73 UC1.6m 1,6m 1,6m
Figure 6.32 Sway model
Two types o f sway frame are modeled, which the first model was built using 
305x165x40UB main beam (B l)  and 203x203x60UC column (C l)  and the second model 
was built using 457x191x67 UB main beam (B2) and 254x254x73UC column (C2). The 
result values o f the horizontal deflection at top o f the columns (Ac), o f the first and
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second set of the analyses with the applied point load of 125KN and 250KN are reported 
in fables 6.30 and 6.31, respectively. All of the curves show the same pattern, 
exponentially decreasing as the base rigidity, which overall it has a considerable 
influence reducing by six times the lateral displacement, from 61mm to 9.9mm.
Table 6.30
Horizontal deflection at the top of the column for the sway frame (1)
\ ^ B C
CB Ro
DWA TSAI TSA2 TSAW FEP1 FEP2 see
Ru — 3.21 5.60 9.60 14.96 21.00 28.50 97.53
Pinned 0 76.11 54.59 42.54 36.49 33.44 31.76 17.10
Semi-rigid 2.0 38.05 27.28 21.26 18.15 16.78 15.88 8.54
Semi-rigid 4.0 19.79 13.91 10.84 10.51 9.48 9.34 5.60
Semi-rigid 32.0 16.10 12.79 9.56 9.01 8.56 8.44 5.03
Fixed oo 12.38 10.59 9.35 8.88 8.61 8.44 4.90
Table 6.31
Horizontal deflection at the top of the column for the sway frame (2)
^ \ B C
CB Rk,
DVVA TSAI TSA2 TSAVVl TSAVV2 FEP se e
Rki -- 9.56 14.27 15.21 30.82 37.21 47.15 125.87
Pinned 0 54.48 43.30 41.89 31.11 29.31 28.66 20.14
Semi-rigid 2.0 26.54 21.54 20.91 15.84 14.81 14.28 9.69
Semi-rigid 4.0 12.91 11.08 10.29 8.15 7.86 7.40 5.19
Semi-rigid 32.0 11.54 10.03 9.46 7.44 7.19 7.03 4.94
Fixed 00 9.48
.
8.48 8.33 7.21 7.08 6.99 4.14
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The results tabulated above are graphed below. Figures 6,33 and 6.34 which also 
shows how the sway o f the frame varies with column base rigidity. The scale o f the graph 
has been reduced to highlight the variation o f response o f the frame in the reasonable 
range o f values. The maximum value is 60.89mm and the minimum is 3.32mm for the 
first model, whilst the maximum value is 43.58mm and the minimum is 3.31mm for the 
second model. A ll o f the curves show the same patterns, exponentially decreasing as the 
base rigidity is increased, which overall it has a considerable influence reducing by five 
times the lateral displacement, from 43.58mm to 7.58mm.
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Figure 6.33 Horizontal deflection at the top o f the column for the sway frame (1)
Looking at the stress in the top end columns, one can see that i f  both joints 
stiffness are increased, a gradual increase in bending moment obtained. The maximum 
value recorded is 129.0 KN.m and the minimum is 114.0 KN.m, with a total difference o f 
11%. The graphical representation o f the bending moment distribution, from ANSYS, 
w ithin the frame with low and high stiffness is shown in Figure 6.35.
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Figure 6.34 Horizontal deflection at the top o f the column for the sway frame (2)
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Figure 6.35 Bending moment distribution o f the sway model for: (a) fu lly  pinned base 
and beam-to-column jo in t (b) fu lly Fixed base and beam-to-column jo int
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6.5 Sum m ary and Conclusion
Chapter 6 lias focused on the parametrical study o f the bolted connections with 
high strength and stainless steel by the finite element analyses. The chapter has three 
main parts: angle bolted connections with high strength steel, endplate connections with 
high strength steel and spliced shear connections with high strength and stainless steel. 
The influence o f different steel grades on the connection behaviour as well as the 
softening effect on the spliced shear connection have been studied. In addition, the 
comparison o f ultimate moment and load resistance o f the connections in each part to 
these was presented. Furthermore, the change o f the connection capacity o f each 
connection from each part was given. From the study carried out, the following 
conclusions are drawn:
The results show that the application o f higher strength steel, stiffer angles and 
deeper beams for the angle bolted connection gives significant increase in moment 
capacity and initial stiffness except for TSAW which little change o f initial stiffness due 
to web angles restraint. In the presence o f the higher and stiffer plates and deeper beams, 
the endplate connection gave a significant increasing o f moment capacity and initial 
stiffness except for FEP and SCC when the ultimate moment and initial stiffness 
increased slightly. The presence o f a column web stiffener on endplate connection gives 
significant changes on the ultimate moment, whilst there is no significant change on the 
angle bolted connection.
The application o f high strength and stainless steel for the shear bolted connection 
could be calculated by two approaches o f resistance design such as bearing resistance and 
net section resistance. As expected, the ultimate resistance and rupture resistance o f the 
SLB connection have been increased significantly when the ultimate strength and ei/do 
ratio increase. The ultimate and rupture resistance o f the connection under net section 
failure shows a linearity relationship with the change o f the ultimate strength, whilst the 
ultimate and rupture resistance o f the connection under bearing failure shows a non-linear 
relationship with the change o f the ultimate strength. The effect o f the edge distance o f 
bolt hole shows a consistency o f the change in the resistance for both under bearing and 
net section failure.
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When a PR connection is applied to the portal frame, there is a significant 
influence o f the stiffness rigidity o f beam-column and column base connection with 
different responses. The presence o f the concrete slab on the SCC connection gives better 
resistance in the vertical deflection o f the main beams for the non-sway frame, whilst the 
bare steel jo int shows not much improvement. Increased beam-column and column base 
connection stiffness on the sway frame could have the most considerable influence on 
reducing the lateral displacement by at least five times. The presence o f high strength 
angles and endplates w ill reduce the connection weight with higher capacity.
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C h a p te r  7
Design Equations
7.1 Introduction
Extensive research has been conducted to study the ultimate moment and load 
behaviour o f high strength and stainless steel bolted connections. The analytical studies 
o f the flexural strength o f partially restrained connection and axial strength o f shear 
bolted connection have been completed. The analyses and design o f bolted connections 
can be accomplished by using the computational modelling and empirical methods. There 
are several methods that can achieve the computational modelling including the finite 
element modelling that was introduced in Chapter 3 and developed in Chapter 5. The 
parametric study is presented in Chapter 6. The finite element modelling method w ill be 
evaluated by introducing the empirical method that w ill be developed in this chapter 
according to EC3.
Although validated computational model and procedures may be used to find the 
moment-rotation relationship o f a connection in lieu o f physical testing, it is time 
consuming and inconvenient to use this approach in design practice since one analyses 
may take a few hours to finish using even the fastest PC. Therefore, it is desirable to 
derive design equations to represent the moment-rotation relationship for a specific 
connection, such as a partially restrained connection. Several researchers have conducted 
research in developing such moment-rotation mathematical models. For example,
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Abolmaali [SI] has attempted to derive a moment-rotation function for Hush endplate 
connections using a three-parameter power model. In this chapter, the development o f a 
mathematical model to describe the moment-rotation behaviour o f partially restrained 
connections is presented.
7.2 Analytical Model for Moment-rotation Relationship
The stiffness o f any PR connection is dependant upon its moment-rotation 
characteristic. Many attempts have been made to establish curve-fitting techniques that 
can be used to provide suitable models for PR connections. Abolmaali et.al [81] have 
developed moment-rotation model equations for flush end-plate connections. It was 
shown that the Three-Parameter Power model predicted the M 0 curve accurately. The 
Three-Parameter Power model was originally proposed by Richard and Abbott [97] and 
Chen and Kishi [98] to predict the moment-rotation (M -0) characteristics o f PR 
connections. There are three independent parameters that define this model equation, 
which are: initial stiffness, Ryj, ultimate moment, Mu, and rig id ity parameter, n. This 
equation is described by:
where:
M u = ultimate moment capacity
n = rig idity parameter
Rki = initial connection stiffness
do = reference plastic rotation defined by:
(7.1)
00 = M u/R ki (7.2)
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M o m e n t
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Go Rotation (6)
Figure 7.1 Three-Parameter Power model.
Figure 7.1 shows the schematic o f the Three-Parameter Power model with 
different values o f rig id ity parameter, /?, which defines a more flexible model as n 
increases. The M-0 data obtained from these analyses were curve fitted to Equations 7.3 
and 7.4 by minimizing their error-square to obtain mode! parameters A/u. and Oq. 
Consequently, regression equations were developed for the aforementioned parameters o f 
each equation in terms o f geometric variables for a connection.
The three parameter is expanded into a proposed equation to accommodate the 
change in the curve shape due to the non-linear behaviour o f different steel grades o f 
each member in the connection. The rig idity parameter n w ill be expanded into 
parameter q, with the dependent variables are considered, the prediction equations is 
defined as:
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where
A/u = ultimate moment capacity 
// = rig idity parameter
q = rigidity parameter with influence o f steel grades
Rki = initial connection stiffness
Oo -  reference plastic rotation defined by:
0() -  A/,, /  R (7.4)
In this study, several test cases were selected using the FEM connection model 
developed in Chapters 5 and 6. I he M 0 data points obtained from the analyses were 
curve fitted to obtain model parameters. Consequently, regression equations were 
developed for the aforementioned parameters o f each equation in terms o f geometric 
variables o f the connection region. In the development o f the prediction equations, the 
independent variables (connection geometric variables) are defined as:
g = the gauge distance
</b = the nominal bolt diameter
Pf = the bolt pitch
tw = the beam web thickness
/;/, = the beam depth
h? = the width o f end-plate
/cp = the thickness o f end-plate
/wa = the thickness o f web angle
tsa = the thickness o f top and seat angle
fst = the thickness o f column stiffener
Fya = material yield stress o f angle cleat
Fyv = material yield stress o f end plate
Fyb = material yield stress o f beam
Fyc = material yield stress o f column steel
Ea = Young’s modulus
Unit o f independent variables: mm and MPa
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For the DWA connection, the top and seat angles are not present, therefore tu, = 0, 
whilst for the I SA connection, the web angles are not present, therefore = 0. The end 
plates could be zero on the angle bolted connection as tt.f) -  0. Similarly, the angles could 
be zero for the end plate connections, therefore = 0 and iu, = 0.
Using these results and the multiple regression technique, a prediction equation 
was developed for each independent parameter using the following general form:
where A, B, C and L) are unknown coefficients, tij is the /th independent parameter, uy .v,, 
\y, and z, are the exponents to be determined through regression, and m is the number o f 
independent parameters considered, faking logarithms o f both sides o f the formulae in 
liquation 7.5, linear forms o f these formulae are obtained as:
Multiple regression using spreadsheet software is applied to each formula in 
Equations 7.6 -  7.9 to determine the coefficients A, B, C, D, Wj, xj, yj, and Zj. From 
regression analyses, Equations 7.10 -  7.13 represent independent parameters o f the 
design equation for ultimate moment, reference plastic rotation and rigidity parameter. 
Sensitivity and error band analyses were conducted to validate the behavior o f each
,, = p  /)«,;' f7-5)
In Rki = In A + ^  uy In a (7.6)
In M u = In B + ^  .c, In a (7.7)
In = In C + y _ y ; In a , (7.8)
(7.9)
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equation to the variation o f independent variables and the error associated with each 
equation, respectively.
The design equations for the four dependant parameters o f the _! 1 'e web angle
connection are obtained as:
Rki = 1.10 P f" ' h2 40 17 25 Eo.vl 25 (N. mm/rad) (7.10)
A/„ = 0.00-1 J,,061 lih2 '0 I J  ' '  r\„- '(N.mm) (7.11)
n = 0.02 F j > n  (7.12)
q = 0.02 F,„078F j m (7.13)
The design equations for the four dependant parameters o f the top and seat angle 
connection are obtained as:
Rki = 695.79 g'2 2' R f0”  In,2 2'1 i j  16 15 15 (N.mm/rad) (7.14)
i  m   r\ f\r \r \~ )  c / 0.76 -0.60 r-\ 0.76 ? 2.14 1.70 r-* 0.03 / 4 /. \0.67 r \  \Mu 0.000**5 u/> g Pf hb tS(l Pya (jsa't\ui) (N.mm) (7.15)
d  r\~7 / “ 0.24 . 0.001 / 4 /. ,0.00 rp 0.58 /*~j i  / r \n =  0.07 db tsn {tsn/tw) Fyn (7.16)
  r\ r\-7 l “ 0.24 . 0.001 / 4 \0.90 j-p 0.58 rp 0.01 iq -  0.07 db tsa (tS(/tw) Fya Fyb (7.17)
Similarly, the design equations for the four dependant parameters o f the top and 
seat angle with double web angle connection are obtained as:
Rki = 5068. 70 db1*g 0 42 Pf'23 h 'l<) t j  m t j 2i (N.mm/rad) (7.18)
A/„ =  491.52 db "1 g"049 P/0 '5ht,' m06 F ,„°59 (N.mm) (7.19)
n =0.10 h f *  t j 3'F , * *  (7-20)
q = 0.09 k f *  t j 1' F ™  (7-21)
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I he design equations fo r the fou r dependant param eters o f  the Hush end p late 
connec tion  are ob ta ined  as:
Rk, = 176.1 3 g 77 P, 1 89 <//,° u 52 (N.mm/rad) (7.22)
A# _  } y  V  / 0.66 . 0 X2 i 0.4S . I OS 0.03 / •  0.46 / K , v / - t t i vMu = 3b.26ilb tcf hb tcP in I'vp (N.mm) (7.23)
n c  / '  /  -0  25 „  ^  .VV , -0X2 . 00 4  , -0 77 ^  -0 24 /-7 - n vn = 95.1-1 ilt> Pj hi, tcp tc/  Fvp (7.24)
  / “) c  /)C  / “ 0.25 r» / -0.X2 . 004 -0.78 p  *0.28 \</ = /J5.&) a/, Pf /?/, /ty, tcf Fyc (7.25)
Similarly, the design e 
with hollow section beam connection are obtained as:
Rki = 162.02 g 77 28 r//,°34 71 (N.mrn/rad) (7.26)
i j    > c ~f i  0.76 , 0.82 / 0.37 1.25 p  0.X5 / x t  v / —, *\~ i\M u - 3.57 dh tcf  /?/, t i‘p r y(, (N.mm) (7.27)
  •) / / — 0.25 ry 0.64 , -0.82 , 0.2X -0 77 p  0.25 /-• -0.24 ✓ -^ q \n = 21.22 dh Pf hb tcp tcf Fyp Fyc (7.28)
/ “ 0.25 r> 0.64 , -0.82 , 0 27 -0.7X r- 0.20 /-• -0.2X /-7(j = 23.01 dh Pf hh tcp tcf  hyp Fyc (7.29)
The design equations for the four dependant parameters o f the semi continuous 
composite connection are obtained as:
cp tsr  (N.mm/radJ (7.30)
t— 0.32 . 0.03 / \ r  \FyP ts, (N.mm) (7.31)
c  0.25 c  -0.24
yp )c (7.32)
/-*• 0.26 /-*’ -0.24 
3/7 O ’C (7.33)
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Tables 7.1 7.3 below have given the parameters for power model obtained
through curve fitting for each PR connection.
Table 7.1
Different parameters for power model obtained through curve fitting (1)
Connection
destination
Ru
(KN.m/mRad)
M u c
(kN.m)
Rigidity
parameter
(»)
Rigidity
parameter
(q)
Correlation
coefficient
(r)
D W A -lb 3.20 25.63 1.35 1.36 0.9995
D W A -lc 3.15 28.12 1.52 1.53 0.9994
D W A -ld 3.10 32.75 1.69 1.70 0.9992
L)WA-2b 8.45 60.00 1.35 1.36 0.9993
DWA-2c 8.32 64.75 1.52 1.53 0.9992
DWA-2d 8.01 75.00 1.69 1.70 0.9991
DWA-3b 4.40 35.00 1.35 1.36 0.9992
DWA-3c 4.35 38.12 1.52 1.53 0.9991
DWA-3d 4.20 42.40 1.69 1.70 0.9992
DWA-4b 10.15 75.00 1.35 1.36 0.9941
DWA-4c 9.80 80.00 1.52 1.53 0.9885
DWA-4d 9.60 93.00 1.69 1.70 0.9990
TS A l-4d 3.81 37.75 1.75 1.78 0.9989
T S A I-3d 4.65 51.38 1.75 1.78 0.9979
T S A I-2d 5.81 61.25 1.75 1.78 0.9989
T S A l- ld 6.61 66.90 2.10 2.12 0.9991
TSA2-4d 9.61 88.25 1.58 1.60 0.9989
TSA2-3d 16.50 104.00 1.58 1.60 0.9991
TSA2-2d 17.41 123.25 1.85 1.86 0.9989
TS A2-ld 17.46 130.00 2.24 2.25 0.9991
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Table 7.2
Different parameters for power model obtained through curve fitting (2)
Connection
destination
Ru
(KiVm/mRad)
M uc 
(KN.m)
Rigidity
parameter
(n)
Rigidity
parameter
(q)
Correlation
coefficient
(r)
TS A W -lb 30.33 51.50 0.81 0.82 0.9989
TS AW -lc 29.56 76.50 0.95 0.96 0.9991
TSA W-2b 36.41 58.50 0.84 0.85 0.9989
TSAW-2c 32.56 78.50 0.94 0.95 0.9991
TSAW-3b 59.30 82.60 0.70 0.72 0.9989
TSA W-3 c 43.23 85.00 0.78 0.79 0.9991
TSAW-3b* 46.20 95.00 1.30 1.32 0.9989
TSAW-3c* 39.50 110.00 1.10 1.13 0.9989
TSAW -3b** 30.41 55.00 0.94 0.95 0.9991
TSAW -3c** 29.58 76.50 0.95 0.96 0.9989
TSAW -3c*) 38.33 120.00 1.26 1.28 0.9991
EPTB-5b 9.85 60.78 1.43 1.45 0.9989
EPTB-3b 16.59 87.60 1.43 1.45 0.9991
EPTB-lb 19.71 102.3 1.60 1.62 0.9989
EPTB-7c 8.07 57.20 1.50 1.53 0.9991
EPTB-5c 9.78 68.75 1.50 1.53 0.9989
EPTB-3c 11.70 80.85 1.62 1.64 0.9991
EPTB-6b 6.48 55.2 1.48 1.50 0.9989
EPTB-4b 10.16 72.75 1.48 1.50 0.9991
EPTB-2b 12.90 93.25 1.65 1.67 0.9989
EPTB-8c 5.79 52.00 1.50 1.52 0.9991
EPTB-6c 7.04 62.50 1.50 1.52 0.9989
EPTB-4c 7.60 73.00 1.82 1.83 0.9989
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Table 7.3
Different parameters for power model obtained through curve fitting (3)
Connection
destination
Rki
(KNm/mRad) (K N .m )
Rigidity
parameter
00
Rigidity
parameter
M
Correlation
coefficient
(r)
FEP-lc 12.10 103.80 1.56 1.59 0.9995
FE P -lg* 18.50 133.62 1.60 1.62 0.9994
FE P -ld* 12.73 118.80 1.74 1.76 0.9992
FEP-2a 11.50 97.00 1.38 1.41 0.9993
FEP-2b 12.60 100.00 1.38 1.41 0.9992
FEP-2c 14.30 104.50 1.38 1.41 0.9991
FEP-2d 16.20 106.80 1.38 1.41 0.9992
FEP-3a 14.30 132.60 1.12 1.25 0.9991
FEP-3b 21.00 205.70 1.24 1.42 0.9992
FEP-3a* 14.88 139.70 1.18 1.28 0.9941
FEP-3b* 22.80 227.50 1.20 1.32 0.9885
SC C -lb 72.90 229.20 0.90 0.93 0.9989
s e e - ic 86.91 133.40 0.78 0.80 0.9983
s e c - 2b 76.43 288.10 1.25 1.27 0.9979
se e -2c 78.39 295.50 1.25 1.27 C.9969
s c e - 2d 83.22 304.10 1.25 1.27 0.9971
j SCC-2e 88.05 313.70 1.25 1.27 0.9982
Figures 7.2 -  7.5 show comparisons between typical FEM M -8 results and the predicted 
proposed M -0 model values for each connection obtained from Tables 7.1 -  7.3. It can be 
seen from these figures that the predicted curves give very close correlation with FEA 
results.
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Figure 7.2 Comparison o f FEM results with proposed equation; D W A ld  model
100
E
2*
Ea>
EoS
FEM results 
-P roposed  equation
70.0 80.0 90.0 100.00.0 40.0 60.010.0 20.0 30.0 50.0
Rotation (mRad)
Figure 7.3 Comparison o f FEM results with proposed equation; TSA-Id model
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Figure 7.5 Comparison o f FEM results with proposed equation; EPTB-3b model
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Figure 7.6 Comparison o f FEM results with proposed equation; FEP-2a model
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7.3 Ductility Analyses
1‘he ductility characteristics o f a jo int reflect the length o f the yield plateau o f the M 0 
response. This property can be quantified by means o f a jo in t ductility index at maximum 
load rjj„un load that relates the rotation capacity o f the jo int, 0\fjm,n to the rotation value 
corresponding to the jo in t plastic resistance. Oh, r [99]:
fk n u !  ,7 34,
/  /  ! I U \  /( N il /  X x
Stl R
Tables 7.4 and 7.5 evaluates the jo int ductility index rjj for several specimens. 
Numerically, the rotation capacity was defined at the rotation level for which failure o f 
one or more components occurred.
Table 7.4
Joint ductility index of angle bolter! connections
Connection ID Steel grade Gsij.max (mRad) dstj.R (mRad) tlj.max load
D W A -ld S690 12.0 76.0 6.33
DWA-2d S690 9.0 89.0 9.89
DWA-3d S690 8.0 75.0 9.38
DWA-4d S690 11.0 85.0 7.72
TSAI-2c S550 10.0 55.0 5.50
T S A I-2d S690 10.0 65.0 6.50
TSA2-2c S550 8.5 51.0 6.00
TSA3-2d S690 8.5 59.5 7.00
TSAW -lc S690 4.5 70.0 15.56
TSAW-2c S690 5.0 80.0 16.00
TSAW-3c S690 4.8 46.5 9.69
TSAW-3c* S690 4.2 38.0 9.04
TSAW-3c*) S690 4.5 36.0 8.00
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Table 7.5
Joint ductility index of endplate connections
Connection ID Steel grade 0M j.m ax  (mRad) Ostj.R (Rad) fjj.m ax  toad
FEP-le* S550 12.0 68.0 5.67
FEP-lf* S690 12.5 55.0 4.40
FEP-lg* S550 8.5 64.0 7.53
FEP-2c S690 8.1 57.0 7.04
FEP-2d S690 7.1 54.0 7.60
FEP-3a S690 13.0 37.0 2.85
FEP-3b S690 12.0 33.0 2.75
FEP-3a* S690 11.0 46.0 4.18
FEP-3b* S690 10.0 41.2 4.12
E P T B -lb S550 9.5 38.0 4.00
EPTB-5b S550 11.0 52.0 4.73
EPTB-3c S690 9.0 51.0 5.67
EPTB-7c S690 10.0 51.5 5.10
EPTB-2b S550 8.5 48.0 5.64
EPTB-6b S550 11 .0 70.0 6.36
EPTB-4c S690 11.0 69.0 6.27
EPTB-8c S690 12.0 69.0 5.75
SCC1-10mm S690 5.1 49.0 9.61
SCC1-12mm S690 5.0 48.5 9.70
SCCl-15mm S690 4.9 48.0 9.80
SCC 1-20mm S690 4.8 48.0 10.00
SCC2-10mm S690 3.6 44.0 12.22
SCC2-12mm S690 3.5 44.5 12.70
SCC2-15mm S690 3.4 45.0 13.23
SCC2-20mm S690 3.3 45.5 13.79
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Some preliminary conclusions can be drawn from the analyses o f the values in fables 7.4
and 7.5:
1. Within the same FE analyses series, the ductility indices are similar for each type o f 
connection configurations; this means that the yield stress did not play an important 
role in the jo in t deformation behaviour.
2. For FEP connections with M24 bolts, the endplate configuration yields a lower 
ductility index as well as a lower rotation capacity.
3. M27 bolts S.S ensure a more ductile behaviour when compared to M24 bolts 123) 
(see results for specimens FEP-3a* and FEP-3a).
The requirements for available ductility and rotation capacity should be set 
together. For mild steel, it is generally accepted that a minimum o f 35-40 mRad ensures 
“ sufficient rotation capacity". Wilkinson et al. suggested that a moment connection in 
steel moment resisting frames in a seismic area must develop a minimum plastic rotation 
of 30 mRad [100], The analyses o f the data collected in Tables 7.5 and 7.6 shows that all 
specimens with angles and end-plates satisfy both criteria.
The requirements for ductility ensure that brittle failures are avoided, i.e. inelastic 
deformations are sufficiently large. Girao Coelho et al. [99] proposed a minimum o f 4.0 
for the jo in t ductility index rj, for mild steel grades. I f  this value is taken as a reference 
for HSS as well, then only specimens FEP-3a and FE?-3b do not meet this criterion. 
Naturally, the verification o f such criteria for HSS needs further investigation with 
different connection configurations.
7.4 Proposed Equations for Resistance Design
There are two approaches o f resistance design calculation such as bearing resistance 
and net section resistance. There are several parameter that should be considered such as 
the end distance from the bolt centre to the edge and the net section o f the plate. The 
design bearing resistance o f the bolt should be taken as :
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_  ^y-a b f u - d t p  (7
r b R d ~  v -  - /
YM2
where
k/ is the smallest o f (2.5 ; 2.8 eyd0 -  1.7 ; 1.4 e /^d,, -  1.7)
af) is the smallest o f ( 1 . 0  : C|/2d0 ; pi/3du -  'A ; f„h/fu)
[, is the specified ultimate strength
f Uh is the specified ultimate strength o f the holt
d is the nominal bolt diameter
t r  is the thickness o f plate
yM2 is the partial factor for net section resistance for steels, Ymu = Y*-’ = i i>
After the derivation o f the constitutive design equations for the bearing resistance 
o f high strength lap connection, the validation o f the results obtained from the design 
equations to the results obtained from the modelling is shown below.
Table 7.6
The comparison results between modelling and the design equations 
(modelling results obtained from Chapters 4 and 5)
Configuration Ultimate Load (KN) Design /
Modelling Design Modelling
ei/d0 = 1.0, 2205 plate 219.5 217.1 0.99
ei/do= 1.2, 2205 plate 248.1 260.6 1.11
ei/d0 = 1.0, S690 plate 264.7 268.5 1.05
ei/dc = 1.2, S690 plate 280.8 322.2 1.15
ei/do= 1.0, S I350 plate 432.0 406.5 0.94
ei/dQ = 1.2, S1350 plate 435.2 487.7 1.12
Average 1.04
Standard deviation 0.10
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The design resistance o f a net section is considered with net section area and edge 
distance (C|) and should be taken as:
Nt Rd = ° -9 -flriA e t  fu (7.36)
Ym  12
where
Ancl is the net area o f the plate
f u is the specified ultimate strength
ys)i; is the partial factor for net section resistance for steels, yMi: = yw = 120
at is the edge distance factor (e 1 /1 .5d« ) ° 5
After the derivation o f the constitutive design equations for net section resistance
o f high strength lap connection, the validation o f the results obtained from the design 
equations to the results obtained from the modelling is shown below.
Table 7.7
The comparison results between modelling and the design equations 
(modelling results obtained from Chapters 4 and 5)
Configuration Ultimate Load (KN) Design /
Modelling Design Modelling
e 1 /d0 = 1.5, 2205 plate 317.7 296.8 0.93
ei/d0= 2.0, 2205 plate 338.2 306.6 0.91
ei/do^ 2.5, 2205 plate 344.9 342.8 0.99
e•,/d0 = 1.5, S690 plate 360.3 411.8 1.14
e 1 /d0 = 2.0, S690 plate 480.4 475.4 0.99
e|/d0= 2.5, S690 plate 521.7 531.6 1.02
e,/d0= 1.5, S1350 plate 637.5 623.3 0.98
e•,/d0 = 2.0, S I350 plate 690.0 719.7 1.04
ei/d0= 2.5, S1350 plate 740.3 804.6 1.09
Average 1.01
Standard deviation 0.07
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7.5 Summary and Conclusion
Chapter 7 has presented the development o f formulations for predicting the 
moment-rotation curves o f the PR connection and the design equations for the resistance 
o f the shear bolted connection. The proposed expressions that can predict the moment 
capacity and resistance o f high strength bolted connection and have been compared with 
expressions proposed by other investigators for high strength steel. Moreover, the 
proposed design equations were compared with all results obtained from the analytical 
works presented in this research. From the study carried out, the following conclusions 
were drawn:
A power model expression was proposed to predict the ultimate moment and initial 
stiffness o f the high strength PR connection. The expression is a function o f the 
corresponding strength o f plates and angles. The average predicted correlation 
coefficients (/*) o f the angle bolted connection were in the range o f 0.9989 and 0.9995. 
The average predicted correlation coefficients (r) o f the end plate connection were in the 
range o f 0.9885 and 0.9995. Average predicted correlation coefficients (r) o f the SCC 
connection were in the range o f 0.9871 and 0.9989. The small standard deviations 
indicate that the predicted values are close to the values obtained from the modelling 
work. On the other hand, a reasonably good prediction was obtained for high strength PR 
connection. The proposed expressions presented better predictions than the expressions 
proposed by previous researchers for high strength steel.
A simple expression was proposed to predict the bearing and net section resistance. 
The expression is a function o f the corresponding strength o f the plate and bolt. The 
proposed expression presented a significant prediction for load resistance o f high strength 
lap connection. The average predicted/modelling ratios were 1.04 and 1.01 respectively. 
In addition, the standard deviations were 0.10 and 0.07 respectively. The small standard 
deviations indicate that the predicted values are close to the values obtained from the 
experimental work. On the other hand, a reasonably good prediction was obtained for 
high strength lap connection. The proposed expressions presented better predictions than 
the expressions proposed by previous researchers .
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Design equations have been developed according to the EC3 regulations and 
codes. The validation o f the design equations was conducted by using FEM result. 
Results in this investigation, were presented in Chapter 5, and the parametrical study is 
presented in Chapter 6 . A very close agreement has been achieved between the results on 
the ultimate loads obtained from the proposed expression and the results obtained from 
the experimental works and numerical modelling. In addition to this, small standard 
deviation values were obtained. The proposed design equations adequately predicted the 
ultimate loads o f the high strength bolted connection, having different section properties 
and different configuration.
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C h ap te r  8
Conclusions and Recommendations
8.1 Introduction
Finite element analysis and laboratory work could be combined efficiently as shown in 
this research. Both can demonstrate the behaviour o f steel bolted connection structures in 
different ways. With the use o f both methods a better understanding can be given to any 
steel structures. Nevertheless, laboratory work is costly and time consuming. Therefore, 
finite element analysis is the good alternative method, which can both predict the real 
behaviour o f bolted connection structures and simulate the failure inodes o f it, simply and 
efficiently, compared to the laboratory work. This is based on the model needs extensive 
validation.
The previous chapters have reported the behaviour o f bolted connections from 
computing work and its validation. With the experimental results obtained from literature 
the research was carried out to verify the finite element modelling. By using the ANSYS 
programme, two modelling techniques were proposed for the different failure modes. A 
close agreement was obtained between the experimental work and the finite element 
modelling. Stresses, failure modes, rupture patterns as well as the load-deflection and 
moment-rotation behaviour were closely matched. Therefore, a complete parametric 
study on finite element analysis was carried out to study the influence by different 
parameters. Finally, the design equations were developed according to EC3 regulations 
and codes. The obtained results from the computing work o f this research with other 
researchers’ work and the parametric study work have resulted in the development o f 
design equations.
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8.2 Conclusions
From the research results it is concluded that, the finite element modelling is well 
constructed and proved to be very adequate in producing results that are in good 
agreement with the experimental results. The fine FE model is a result o f the excellent 
level o f detailing produced to accurately match the actual geometry o f all the structural 
components as given by the experimental setup. Accurate modelling o f the material 
properties o f steel grades has also been used. The attention given to the level and location 
o f mesh refinement is adequate and contributed to the good agreement o f the results 
obtained. Special attention is given to the description o f the boundary conditions to 
simulate the modelling configuration.
Research into connection modelling using the finite element method has been 
performed to improve the understanding o f detailed stresses, strain and failure mode. A 
series o f models with high strength and stainless steel material were constructed to find 
the most accurate and efficient numerical models. The high strength bolted connections 
were analysed and the following conclusions can be drawn.
1) Solid elements are suitable for simple connection problems, but shell elements are 
more efficient for the more complicated structures such as beam to column 
connections. The additional flexib ility  allows either the angle or plate bending to be 
modeled accurately.
2) The initial stiffness determined from the FE model agrees with previous 
experimental results. The effect o f angle thicknesses gives small change o f the 
initial stiffness, whilst the thicker one has more clear effect on the slippage o f angle 
bolted connection.
3) The plastic strain and stress patterns o f high strength angle are very similar, in 
general. The model can predict the increased moment and rotational capacity 
accurately.
4) The connection capacity o f high strength thicker angles o f TSA is slightly more 
than that o f DW A connection except for the connection with bigger beam depth and 
very high strength angle.
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5) High strength angles have a large area o f maximum yield stress distribution, 
whereas the beam and column are kept to mild carbon steel. The stiffer high 
strength steel applied to the TSAW connection gives very limited ductility and 
hardly any deformation in bending.
6 ) The moment rotation curve o f connections developed with corner strength 
enhancement in the angle bolted o f FEM model shows results which correlate with 
each other with only marginal increase o f 3% to 5%
7) The moment rotation curve o f connections developed with circular hole and 
hexagonal hole in the PR connection o f FEM model shows results are correlates 
with each other with only marginal difference o f 3% to 5%. But circular hole 
modelling avoids the stress concentration.
8 ) The effect o f plate thicknesses gives significant change o f the initial stiffness, whilst 
the thin higher strength endplate w ill be more pronounced on the moment capacity 
o f connection. The high strength endplate gives significant proportion o f maximum 
stress distribution, whereas the beam and column are kept to mild carbon steel.
9) The results obtained from the FEA for the moment-rotation curves o f different 
specimens o f endplate connection are within the range o f 3% to 5% compared to the 
experimental results.
10) Waiving o f column web stiffeners is not advisable because their absence causes 
premature failure in the column web. This leads to consequently a drastic drop in 
moment and rotation capacities. However, connection with column web stiffeners is 
advisable because their presence increases moment capacity up to 15%.
11) It can be observed that, i f  thickness o f endplate is bigger than the thickness o f 
column flange, the moment capacity o f the connection w ill not be increased in 
clearly to excessive deformation o f column flange and web.
12) For the case o f bare steel jo in t FEP, compressive and tensile stresses were almost 
similar. The jo in t ’s moment rotational responses o f FEM analysis follows the same 
trend o f experimental investigation which are almost identical in both the positive 
and negative moment regions because o f symmetry o f the connection.
13) Thick high strength endplate connections provide additional rotational stiffness and 
moment capacity but the rotation capacity may be compromised by bolt failure.
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This type o f failure mode is not acceptable for semi-rigid frame design because a 
large rotation capacity is required to allow moment redistribution.
rigid connection design but yielding o f the endplate may produce excessive 
deflection. Also the thin endplate increases the prying forces with an associated 
increasing in bolt loads. Higher strength endplate may delay the end plate yielding 
and excessive deflection.
15) The stiffer high strength endplate applied to the FEP and SCC connection gives the 
very limited ductility and hardly any deformation in bending. The increase o f bolt 
diameter with low grade gives significant increase in deformation, as this bolt have 
higher ductility.
16) The column is suggested to be kept to mild carbon steel, whilst the S355 grade 
column with the minimum thickness as that o f the high strength endplates should be 
considered. The grade 8 .8  bolt with minimum diameter M22 should be used.
17) The moment capacity prediction following ECS has been shown to be reasonable. 
The nature o f the failure inode was predicted reliably for the connections studied. It 
is however clear that more complicated arrangements o f stiffeners and bolts may be 
come less accurate. Provided this is no brittle failure they are acceptable.
18) The plastic strain and stress patterns o f high strength endplate connection are very 
similar, in general. The model presented gives excellent results for increasing the 
moment and rotational capacity significantly.
19) Proposed design equation for the PR connections is defined as:
20) Ductility index values o f all o f the PR connections are satisfied except those o f 
FEPSa and FEP3b. Ductility index is defined as:
21) The application o f high strength and stainless steel for the shear bolted connection 
could be calculated by two approaches o f bearing resistance and net section
14) Thin low strength endplates provide enough deformation capacity to allow semi-
M/.max
resistance.
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22) As expected, the ultimate resistance and rupture resistance o f the shear bolted 
connection increases significantly when the ultimate strength and e/Ydo ratio 
increase. The ultimate and rupture resistance o f the connection under net section 
failure shows a linear relationship with the change o f the ultimate strength, whilst 
those o f the connection under bearing failure shows a non-linear relationship.
23) The effect o f the edge distance o f bolt hole shows a consistency o f the change in the 
resistance for both bearing and net section failure. Design resistance from FEA is 
reasonable, except for the value o f and /m/ 2 is conservative, it is advisable for 
minimum edge distance e/ needs to be used with the value o f 1.0 dQ instead o f 1.2 d0 
for all high strength steel grade.
24) Proposed design equations for the SLB connections are defined as:
_ ab-fu-dtp ; for bearing resistance
YM2
Fb.Rd
M _ 0 ,9.avAnet.fu . for net-section resistance
/v t.Rd ~  '
Ym  12
8.3 Recommendations for Further W ork
The finite element analysis developed in this research could be continually developed.
Further research could be conducted to investigate the behaviour o f high strength ans
stainless steel bolted connection.
1. I f  the computing time and resource is not limited, it is recommended to include the 
contact forces between the bolt shanks and the bolt holes and between high strength 
plates to show the effects o f those phenomena.
2. Because this research has only been conducted to show the effects o f thickness o f 
angle and plates, steel grades and bolt configuration, it is recommended to include the 
effects o f gauge distance and number o f bolts for future study.
3. The application o f stainless steel on the PR connections should be investigated further 
both using experimental testing and finite element modelling approach.
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4. Effect o f strain softening should be taken into account to investigate rupture 
behaviour characteristic o f the PR connection in the steel frame performance. The 
ductile manner should be considered further to for the behaviour o f the high strength 
beam-column connection.
5. Improvement o f the current design code such as British Standard or EC3 rules would 
be useful. This should include further tests where, for instance, the end distance over 
hole diameter ej/do is also reduced from 1.0 to 0.9.
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A p p e n d ix  A
Table A .l Stress-strain values o f S460 angles
Stress-strain values o f S460 Hat Stress-strain values o f S460 comer
No. Strain Stress (MPa)
1 0.0000 0 .0
2 0.0018 380.0
3 0.0028 440.0
4 0.0034 460.0
5 0.0040 470.0
6 0.0048 484.0
7 0.0075 500.0
8 0 .0 1 2 0 515.0
9 0 .0 2 0 0 529.0
10 0.0250 535.0
11 0.0300 540.0
12 0.0400 550.0
13 0.0500 560.0
14 0.0600 565.0
15 0.0700 570.0
16 0.0800 575.0
17 0.0900 577.0
18 0 .1 0 0 0 578.0
19 0 .1 2 0 0 583.0
2 0 0.1550 584.0
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0018 380.0
3 0.0025 450.0
4 0.0032 475.0
5 0.0036 486.0
6 0.0041 500.0
7 0.0051 524.0
8 0 .0 1 0 0 550.0
9 0 .0 2 0 0 565.0
10 0.0250 570.0
1 1 0.0300 575.0
12 0.0400 582.0
13 0.0500 589.0
14 0.0600 595.0
15 0.0700 600.0
16 0.0800 605.0
17 0.0900 611.0
18 0 .1 0 0 0 615.0
19 0 .1 2 0 0 621.0
2 0 0.1500 624.0
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Fable A .2 Stress-strain values of S550 angles
Stress-strain values o f S550 Hat Stress-strain values o f S550 corner
No. Strain Stress (.MPa)
1 0 .0 0 0 0 0 .0
2 0.0024 500.0
3 0.0030 550.0
4 0.0040 564.0
5 0.0047 570.0
6 0.0063 580.0
7 0.0090 588.0
8 0 .0 1 0 0 592.0
9 0 .0 2 0 0 610.0
10 0.0250 615.0
11 0.0300 620.0
12 0.0400 625.0
13 0.0500 630.0
14 0.0600 635.0
15 0.0700 640.0
16 0.0800 645.0
17 0.0900 646.0
18 0.0950 648.0
19 0 .1 0 0 0 6^9.0
2 0 0.1150 650.0
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0024 500.0
3 0.0030 555.0
4 0.0034 570.0
5 0.0038 590.0
6 0.0051 610.0
7 0.0080 625.0
8 0 .0 1 0 0 630.0
9 0 .0 2 0 0 648.0
10 0.0250 652.0
11 0.0300 656.0
12 0.0400 663.0
13 0.0500 670.0
14 0.0600 675.0
15 0.0700 680.0
16 0.0800 685.0
17 0.0900 687.0
! 18i 0.0950 6 8 8 .0
19 0.1050 689.0
2 ° 0 .1 1 0 0 690.0
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Fable A.3 Stress-strain values o f S690 angles
Stress-strain values ofS690 Hat
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0030 600.0
3 0.0032 645.0
4 0.0040 680.0
5 0.0045 690.0
6 0.0052 705.0
7 0.0065 720.0
8 0 .0 1 2 0 736.0
9 0.0160 746.0
10 0 .0 2 0 0 752.0
11 0.0250 762.0
12 0.0300 770.0
13 0.0350 778.0
14 0.0400 784.0
15 0.0450 788.0
16 0.0500 791.0
17 0.0550 795.0
18 0.0600 798.0
19 0.0650 805.0
Stress-strain values o f S690 corner
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0030 600.0
3 0.0033 645.0
4 0.0040 685.0
5 0.0043 695.0
6 0.0050 712.0
7 0.0067 740.0
8 0 .0 1 1 0 755.0
9 0.0150 765.0
10 0 .0 2 0 0 775.0
11 0.0250 783.0
12 0.0300 789.0
13 0.0350 793.0
14 0.0400 797.0
15 0.0450 801.0
16 0.0490 803.0
17 0.0550 809.0
18 0.0600 810.0
19 0.0660 814.0
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Fable A.4 Stress-strain values of S550 endplates and S690 plates
Stress-strain values o f S550 endplate Stress-strain values ofS690 plates
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0024 500.0
3 0.0030 550.0
4 0.0040 564.0
5 0.0047 570.0
6 0.0063 580.0
7 0.0090 588.0
8 0 .0 1 0 0 592.0
9 0 .0 2 0 0 610.0
10 0.0250 615.0
11 0.0300 620.0
12 0.0400 625.0
13 0.0500 630.0
14 0.0600 635.0
15 0.0700 640.0
16 0.0800 645.0
17 0.0900 646.0
18 0.0950 648.0
19 0 .1 0 0 0 649.0
2 0 0.1150 650.0
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0005 207.1
3 0.0015 378.7
4 0.0025 506.1
5 0.0045 671.2
6 0.0065 762.7
7 0.0085 813.8
8 0.0105 842.7
9 0.0155 873.2
10 0.0255 890.1
1 1 0.0355 900.5
12 0.0500 914.0
13 0.0650 915.0
14 0.0750 910.0
15 0.0900 890.0
16 0 .1 0 0 0 860.0
17 0 .1 1 0 0 830.0
18 0 .1 2 0 0 790.0
19 0.1300 750.0
2 0 0.1400 680.0
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Table A.5 Stress-strain values of S I350 and SS2205 spliced plates
Stress-strain values o f SI 350 plate Stress-strain values o f SS2205 plate
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0.0030 600.0
3 0.0050 985.2
4 0.0070 1207.5
5 0.0090 1335.9
6 0 .0 1 1 0 1410.0
7 0.0130 1452.9
8 0.0150 1477.8
9 0.0170 1492.2
10 0.0190 1500.6
11 0 .0 2 1 0 1505.5
12 0.0280 1511.8
13 0.0330 1513.1
14 0.0380 1513.8
15 0.0430 1514.4
16 0.0480 1513.0
17 0.0530 1450.0
18 0.0580 1350.0
19 0.0630 1 2 0 0 .0
2 0 0.0680 1 1 0 0 .0
No. Strain Stress (MPa)
1 0 .0 0 0 0 0 .0
2 0 .0 0 1 0 2 0 0 .0
3 0 .0 0 2 0 295.0
4 0.0030 375.0
5 0.0050 450.0
6 0 .0 1 0 0 530.0
7 0 .0 2 0 0 585.0
8 0.0400 640.0
9 0.0700 690.0
10 0.0900 715.0
11 0 .1 2 0 0 740.0
12 0.1500 752.0
13 0.1800 763.0
14 0 .2 2 0 0 762.0
15 0.2500 760.0
16 0.2800 750.0
17 0.3200 728.0
18 0.3300 718.0
19 0.3400 700.0
2 0 0.3500 670.0
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Moment-rotation calculation o f D W A  connection.
A,/ (mm) horizontal deformation o f the connection at the top flange o f the beam
A,.’ (mm) horizontal deformation o f the connection at the bottom flange o f the beam
Sp (mm) relative total horizontal deformation o f the connection measured from the
top to the bottom flange o f the beam
h (mm) depth o f the beam
0 (rad) connection rotation (0  = atan (S/yh))
J (mm) length o f the beam
F  (K.N) point load at the end o f the beam
M (KN.m) moment at the column flange face (M =2*F.d)
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Table B .l -  Moment -  rotation calculation of DNVA-lb connection
S0i (mm) So2 (mm) 8fl (mm) M i 0(rad) 0(mRad) M  (KN.m) P (K N )
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.102 -0.026 0.127 0.0004 0.0004 0.434 1.250 1.000
0.205 -0.062 0.266 0.001 0.001 0.909 2.500 2.000
0.309 -0.099 0.408 0.001 0.001 1.392 3.750 3.000
0.417 -0.137 0.555 0.002 0.002 1.892 5.000 4.000
0.529 -0.176 0.705 0.002 0.002 2.403 6.250 5.000
0.646 -0.216 0.862 0.003 0.003 2.940 7.500 6.000
0.765 -0.257 1.021 0.003 0.003 3.482 8.750 7.000
0.885 -0.297 1.183 0.004 0.004 4.033 10.000 8.000
1.008 -0.339 1.347 0.005 0.005 4.594 11.250 9.000
1.139 -0.382 1.521 0.005 0.005 5.186 12.500 10.000
1.279 -0.426 1.704 0.006 0.006 5.813 13.750 11.000
1.469 -0.486 1.955 0.007 0.007 6.668 15.000 12.000
1.751 -0.575 2.327 0.008 0.008 7.935 16.250 13.000
2.137 -0.687 2.824 0.010 0.010 9.631 17.500 14.000
2.660 -0.834 3.494 0.012 0.012 11.915 18.750 15.000
3.418 -1.040 4.459 0.015 0.015 15.206 20.000 16.000
4.514 -1.330 5.844 0.020 0.020 19.929 21.250 17.000
6.330 -1.795 8.125 0.028 0.028 27.704 22.500 18.000
8.145 -2.261 10.406 0.035 0.035 35.476 23.250 18.600
10.324 -2.790 13.114 0.045 0.045 44.699 23.750 19.000
11.902 -3.320 15.223 0.052 0.052 51.873 24.125 19.300
13.024 -3.979 17.003 0.058 0.058 57.926 24.375 19.500
14.955 -4.638 19.592 0.067 0.067 66.723 24.750 19.800
17.028 -4.457 21.485 0.073 0.073 73.146 25.000 20 000
19.510 -4.276 23.786 0.081 0.081 80.949 25.250 20.200
20.893 -5.662 26.555 0.091 0.090 90.323 25.625 20.500
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Table B.2 -  Moment -  rotation calculation of DVVA-lc connection
Sul (mm) Su? (mm) 8a (mm) M h 0(rad) 0(mRad) M (KN.m) P (KN)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.144 -0.044 0.188 0.001 0.001 0.641 1.875 1.500
0.295 -0.099 0.394 0.001 0.001 1.344 3.750 3.000
0.451 -0.157 0.608 0.002 0.002 2.072 5.625 4.500
0.619 -0.216 0.835 0.003 0.003 2.847 7.500 6.000
0.790 -0.278 1.067 0.004 0.004 3.641 9.375 7.500
0.964 -0.340 1.304 0.004 0.004 4.448 11.250 9.000
1.144 -0.405 1.549 0.005 0.005 5.284 13.125 10.500
1.338 -0.471 1.809 0.006 0.006 6.171 15.000 12.000
1.596 -0.558 2.153 0.007 0.007 7.344 16.875 13.500
2.014 -0.695 2.709 0.009 0.009 9.241 18.750 15.000
2.638 -0.881 3.519 0.012 0.012 12.002 20.625 16.500
3.628 -1.159 4.786 0.016 0.016 16.323 22.500 18.000
5.219 -1.589 6.807 0.023 0.023 23.213 24.375 19.500
6.810 -2.019 8.828 0.030 0.030 30.101 25.500 20.400
8.539 -2.443 10.982 0.037 0.037 37.440 26.250 21.000
10.363 -3.340 13.703 0.047 0.047 46.703 26.875 21.500
11.866 -4.238 16 104 0.055 0.055 54.869 27.250 21.800
13.826 -3.984 17.810 0.061 0.061 60.670 27.500 22.000
16.466 -3.731 20.197 0.069 0.069 68.774 27.750 22.200
18.526 -4.940 23.466 0.080 0.080 79.866 28.125 22.500
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Table B.3 -  Moment -  rotation calculation of DNVA-ld connection
Su, (mm) Su3 (mm) Su (mm) Sti/h 0(rad) 0(mRad) M  (KN.m) P (KN)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.209 -0.063 0.272 0.001 0.001 0.927 2.500 2.000
0.425 -0.140 0.565 0.002 0.002 1.927 5.000 4 000
0.659 -0.220 0.879 0.003 0.003 2.998 7.500 6.000
0.902 -0.302 1.204 0.004 0.004 4.106 10.000 8.000
1.152 -0.386 1.538 0.005 0.005 5.245 12.500 10.000
1.407 -0.471 1.878 0.006 0.006 6.405 15.000 12.000
1.672 -0.558 2.230 0.008 0.008 7.604 17.500 14.000
1.966 -0.651 2.617 0.009 0.009 8.926 20.000 16.000
2.420 -0.794 3.214 0.011 0.011 10.960 22.500 18.000
3.171 -1.020 4.191 0.014 0.014 14.293 25.000 20.000
4.409 -1.366 5.774 0.020 0.020 19.692 27.500 22.000
5.365 -1.711 7.076 0.024 0.024 24.127 28.750 23.000
6.760 -1.999 8.759 0.030 0.030 29.863 30.000 24.000
9.555 -2.286 10.841 0.037 0.037 36.957 30.750 24.600
10.377 -2.395 12.772 0.044 0.044 43.532 31.250 25.000
11.598 -2.504 14.102 0.048 0.048 43.059 31.625 25.300
12.238 -3.194 15.431 0.053 0.053 52.581 31.875 25.500
13.277 -3.883 17.160 0.059 0.058 58.461 32.125 25.700
15.058 -4.085 19.144 0.065 0.065 65.200 32.500 26.000
16.239 -4.288 20.527 0.070 0.070 69.897 32.625 26.100
17.411 -4.710 22.121 0.075 0.075 75.304 32.750 26.200
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Table B.4 -  Moment -  rotation calculation o f DYVA-3b connection
ui (mm) 4 ’ (mm) 6a (mm) 5a/h 0(rad) 0(mRad) M  (KN.m) P  (KN)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.152 -0.050 0.202 0.001 0.001 0.689 2.500 2.000
0.311 -0.113 0.424 0.001 0.001 1.447 5.000 4.000
0.483 -0.178 0.661 0.002 0.002 2.255 7.500 6.000
0.664 -0.245 0.909 0.003 0.003 3.100 10.000 8.000
0.848 -0.313 1.161 0.004 0.004 3.960 12.500 10.000
1.039 -0.384 1.423 0.005 0.005 4.852 15.000 12 000
1.244 -0.458 1.702 0.006 0.006 5.804 17.500 14.000
1.522 -0.554 2.076 0.007 0.007 7.082 20.000 16.000
1.983 -0.703 2.686 0.009 0.009 9.161 22.500 18.000
2.639 -0.902 3.541 0.012 0.012 12.077 25.000 20.000
3.759 -1.225 4.984 0.017 0.017 16.998 27.500 22.000
4.591 -1.455 6.047 0.021 0.021 20.620 28.750 23.000
5.822 -1 788 7.610 0.026 0.026 25.950 30.000 24.000
7.971 -2.365 10.336 0.035 0.035 35.238 31.250 25.000
9.520 -2.942 12.462 0.043 0.042 42.478 32.000 25.600
11.575 -3.330 14.905 0.051 0.051 50.793 32.500 26.000
14.057 -4.012 18.069 0.062 0.062 61.550 33.125 26.500
16.612 -4.692 21.304 0.073 0.073 72.532 33.750 27.000
19.725 -5.526 25.251 0.086 0.086 85.910 34.375 27.500
22.828 -6.380 29.208 0.100 0.099 99.292 35.000 28.000
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Table B.5 -  Moment -  rotation calculation of I)\VA-3c connection
St,i (mm) Suj (mm) 6fl (mm) M i 0(rad) 0(mRad) M (KN.m)| P(KN)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.142 -0.050 0.192 0.001 0.001 0.654 2.500 2.000
0.293 -0.112 0.405 0.001 0.001 1.382 5.000 4.000
0.456 -0.177 0.634 0.002 0.002 2.162 7.500 6.000
0.627 -0.244 0 871 0.003 0.003 2.970 10.000 8.000
0.800 -0.313 1.113 0.004 0.004 3.794 12.500 10.000
0.975 -0.383 1.358 0.005 0.005 4.632 15.000 12.000
1.157 -0.457 1.614 0.006 0.006 5.504 17.500 14.000
1.358 -0.536 1.894 0.006 0.006 6.458 20.000 16.000
1.621 -0.634 2.254 0.008 0.008 7.688 22.500 18.000
2.037 -0.779 2.816 0.010 0.010 9.605 25.000 20.000
2.632 -0.975 3.607 0.012 0.012 12.302 27.500 22.000
3.539 -1.262 4.801 0.016 0.016 16.374 30.000 24.000
5.007 -1.714 6.721 0.023 0.023 22.919 32.500 26.000
6.475 -2.066 8.541 0.029 0.029 29.122 34.000 27.200
7.852 -2.536 10.388 0.035 0.035 35.416 35.000 28.000
9.230 -3.006 12.236 0.042 0.042 41.708 35.750 28.600
11.285 -2.935 14.220 0.048 C.048 48.461 36.250 29.000
12.840 -2.863 15.704 0.054 0.054 53.509 36.625 29.300
13.729 -3.694 17.422 0.059 0.059 59.351 36.875 29.500
14.617 -4.524 19.141 0.065 0.065 65.189 37.125 29.700
16.255 -4.966 21.221 0.072 0.072 72.252 37.500 30.000
17.894 -5.408 23.302 0.079 0.079 79.308 37.875 30.300
19.533 -5.850 25.383 0.087 0.086 86.357 38.000 30.400
18.235 -8.840 27.075 0.092 0.092 92.080 38.125 30.500
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Table B.6 -  Moment -  rotation calculation of D\VA-3d connection
5ul (mm) So? (mm) 5b (mm) 6o/h 0(rad) 0(mRad) M  (KN.m) P (KN)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.145 -0.051 0.195 0.001 0.001 0.666 2.500 2.000
0.299 -0.114 0.413 0.001 0.001 1.407 5.000 4.000
0.465 -0.180 0.646 0.002 0.002 2.202 7.500 6.000
0.639 -0.248 0.887 0.003 0.003 3.025 10.000 8.000
0.815 -0.318 1.133 0.004 0.004 3.865 12.500 10.000
0.993 -0.389 1.383 0.005 0.005 4.715 15.000 12.000
1.173 -0.462 1.635 0.006 0.006 5.576 17.500 14.000
1.355 -0.537 1.892 0.006 0.006 6.453 20.000 16.000
1.544 -0.613 2.157 0.007 0.007 7.358 22.500 18.000
1.751 -0.694 2.445 0 006 0.008 8.339 25.000 20.000
2.010 -0.796 2.806 0.010 0.010 9.570 27.500 22.000
2.383 -0.943 3.326 0.011 0.011 11.343 30.000 24.000
2.918 -1.150 4.068 0.014 0.014 13.872 32.500 26.000
3.694 -1.453 5.146 0.018 0.018 17.550 35.000 28.000
4.961 -2.000 6.960 0.024 0.024 23 734 37.500 30.000
5.928 -2.747 8.674 0.030 0.030 29.576 39.000 31.200
7.301 -3.351 10.652 0.036 0.036 36.314 40.000 32.000
7.964 -4.702 12.667 0.043 0.043 43.174 40.500 32.400
9.641 -4.602 14.244 0.049 0.049 48.542 40.750 32.600
11.318 -4.502 15.821 0.054 0.054 53.907 41.125 32.900
12.377 -5.451 17.827 0.061 0.061 60.727 41.250 33.000
13.435 -6.399 19.833 0.068 0.068 67.542 41.375 33.100
15.102 -7.012 22.115 0.075 0.075 75.283 41.625 33.300
16.770 -7.626 24.396 0.083 0.083 83.015 41.750 33.400
17.828 -8.574 26.403 0.090 0.090 89.807 42.000 33.600
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A p p e n d ix  C
Moment-rotation calculation o f TSA connection.
ci,,i (mm) horizontal deformation o f the connection at the top tlange o f the beam
A,_>(mm) horizontal deformation o f the connection at the bottom flange o f the beam
A}/(mm) relative total horizontal deformation o f the connection measured from the
top to the bottom tlange o f the beam
h (mm) depth o f the beam
0 (rad) connection rotation (0 = atan (S/yh))
d (mm) length o f the beam
F (KN) point load at the end o f the beam
M (K.N.m) moment at the column tlange face {M =2* F.d)
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Table C .l -  Moment -  rotation calculation of TSA2-4b connection
Sot (mm) Sus (mm) 5b (mm) 8fl/h 0(rad) 0(mRad) M  (KN.m) P (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0 000
0.131 -0.009 0.140 0.0005 0.0005 0.479 5.000 4.000
0.278 -0.023 0.301 0.001 0.001 1.026 10.000 8.000
0.431 -0.037 0.468 0.002 0.002 1.596 15.000 12.000
0.603 -0.050 0.653 0.002 0.002 2.228 20.000 16.000
0.794 -0.063 0.858 0.003 0.003 2.925 25.000 20.000
1.006 -0.077 1.083 0.004 0.004 3.694 30.000 24.000
1.254 -0.090 1.344 0.005 0.005 4.585 35.000 28.000
1.550 -0.102 1.652 0.006 0.006 5.635 40.000 32.000
1.923 -0.114 2.037 0.007 0.007 6.948 45.000 36.000
2.421 -0.127 2.547 0.009 0.009 8.688 50.000 40.000
3.182 -0.139 3.321 0.011 0.011 11.326 55.000 44.000
4.406 -0.153 4.559 0.016 0.016 15.548 60.000 48.000
6.643 -0.169 6.812 0.023 0.023 23.231 65.000 52.000
8.259 -0.179 8.438 0.029 0.029 28.771 67.250 53.800
10.569 -0.191 10.760 0.037 0.037 36.681 69.500 55.600
11.879 -0.202 12.081 0.041 0.041 41 181 70.500 56.400
13.873 -0.208 14.080 0.048 0.048 47.986 71.750 57.400
15.867 -0.213 16.079 0.055 0.055 54.787 72.500 58.000
17.713 -0.227 17.940 0.061 0.061 61.111 73.650 58.920
20.554 -0.246 20.800 0.071 0.071 70.822 74.500 59.600
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Table C.2 -  Moment -  rotation calculation of TSA2-4c connection
Sv, (mm) Suy (mm) 8n (mm) M i 0(rad) 0(mRad) M (K N .m ) P  (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.133 -0.009 0.142 0.0005 0.0005 0.484 5.000 4.000
0.281 -0.023 0.304 0.001 0.001 1.037 10.000 8.000
0.435 -0.037 0.472 0.002 0.002 1.610 15.000 12.000
0.607 -0.051 0.658 0.002 0.002 2.244 20.000 16.000
0.791 -0.064 0.855 0.003 0.003 2.917 25.000 20.000
0.985 -0.077 1.062 0.004 0.004 3.623 30.000 24.000
1.196 -0.091 1.287 0.004 0.004 4.388 35.000 28.000
1.430 -0.104 1.534 0.005 0.005 5.230 40.000 32.000
1.700 -0.117 1.817 0.006 0.006 6.196 45.000 36.000
2.030 -0.130 2.160 0.007 0.007 7.368 50.000 40.000
2.496 -0.143 2.639 0.009 0.009 9.000 55.000 44.000
3.203 -0.156 3.359 0 011 0.011 11.455 60.000 48.000
4.294 -0.170 4.464 0.015 0.015 15.225 65.000 52.000
6.222 -0.187 6.409 0.022 0.022 21.856 70.000 56.000
7.746 -0.195 7.941 0.027 0.027 27.077 72.250 57.800
9.734 -0.204 9.938 0.034 0.034 33.882 74.500 59.600
12.543 -0.216 12.759 0.044 0.043 43.487 76.750 61.400
15.775 -0.229 16.004 0.055 0.055 54.531 79.000 63.200
18.004 -0.237 18.240 0.062 0.062 62.131 80.000 64.000
20.431 -0.246 20.677 0.071 0.070 70.405 81.000 64.800
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Table C.3 -  Moment -  rotation calculation of TSA2-3d connection
50, (mm) 8^  (mm) 5b (mm) V h 0(rad) 0(mRad) M (K N .m ) P (K N )
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.135 -0.009 0.144 0.0005 0.0005 0.493 5.000 4.000
0.286 -0.023 0.309 0.001 0.001 1.054 10.000 8.000
0.443 -0.037 0.480 0.002 0.002 1.638 15.000 12 000
0.618 -0.051 0.668 0.002 0.002 2.280 20.000 16.000
0.804 -0.064 0.868 0.003 0.003 2.961 25.000 20.000
0.996 -0.078 1.074 0.004 0.004 3.664 30.000 24.000
1.199 -0.092 1.291 0.004 0.004 4.402 35.000 28.000
1.415 -0.105 1.520 0.005 0.005 5.186 40.000 32.000
1.647 -0.119 1.766 0.006 0.006 6.022 45.000 36.000
1.906 -0.132 2.038 0.007 0.007 6.951 50.000 40.000
2.213 -0.146 2.360 0.008 0.008 8.048 55.000 44.000
2.615 -0.160 2.775 0.009 0.009 9.466 60.000 48.000
3.159 -0.174 3.333 0.011 0.011 11.367 65.000 52.000
4.018 -0.189 4.207 0.014 0.014 14.347 70.000 56.000
5.450 -0.207 5.657 0.019 0.019 19.291 75.000 60.000
6.482 -0.225 6.707 0.023 0.023 22.871 77.500 62.000
7.805 -0.225 8.030 0.027 0.027 27.381 80.000 64.000
8.973 -0.225 9.198 0.031 0.031 31.360 81.500 65.200
10.127 -0.236 10.363 0.035 0.035 35.330 82.500 66.000
11.221 -0.240 11.461 0.039 0.039 39.069 83.500 66.800
12.224 -0.245 12.469 0.043 0.043 42.502 84.500 67.600
13.439 -0.250 13.689 0.047 0.047 46.653 85.500 68.400
14.877 -0.254 15.131 0.052 0.052 51.561 86.500 69.200
16.606 -0.259 16.865 0.058 0.057 57.457 87.500 70.000
18.334 -0.264 18.599 0.063 0.063 63.348 88.500 70.800
20.063 -0.269 20.332 0 069 0.069 69.236 89.000 71.200
©
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A p p e n d ix  D
Moment-rotation calculation o f IS  A W  connection.
6 ui (mm) horizontal deformation o f the connection at the top flange o f the beam
6 l >2 (mm) horizontal deformation o f the connection at the bottom tlange o f the beam
(mm) relative total horizontal deformation o f the connection measured from the
top to the bottom tlange o f the beam
h (mm) depth o f the beam
0  (rad) connection rotation (#  = atan (S^h))
d (mm) length o f the beam
F (KN) point load at the end o f the beam
M (KN.m) moment at the column tlange face (M =2* F.d)
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Table D.l -  Moment -  rotation calculation of TSA\V2-2b connection
S.,/ (mm) 4-(tnm) 6(i (mm) M i 6 (rad) <9(mRad) M(KN.m) P  (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.084 0.007 0 091 0.0003 0.0003 0.255 7.500 6.000
0.149 0.014 0.162 0.0004 0.0004 0.453 13.125 10.500
0.239 0.022 0 261 0.001 0.001 0.729 20.625 16.500
0.345 0.031 0.375 0.001 0.001 1.049 28.125 22.500
0.489 0.040 0.528 0.001 0.001 1.476 35.625 28.500
0.695 0.049 0 744 0.002 0.002 2.079 43.125 34.500
1.017 0.059 1.076 0.003 0.003 3.005 50.625 40.500
1.288 0.065 1.353 0.004 0.004 3.779 54.375 43.500
1.724 0.072 1.796 0.005 0.005 5.017 58.125 46.500
2.384 0.080 2.463 0.007 0.007 6.881 61.875 49.500
2.843 0.087 2.931 0.008 0.008 8.186 63.750 51.000
3.490 0.089 3.579 0.010 0.010 9.996 65.625 52.500
4.103 0.094 4.197 0.012 0.012 11.722 67.500 54.000
5.067 0.101 5.168 0.014 0.014 14.433 69.375 55.500
6.208 0.109 6.317 0.018 0.018 17.644 71.250 57.000
7.640 0.122 7.762 0.022 0.022 21.678 73.125 58.500
9.571 0.134 9.705 0.027 0.027 27.101 75.000 60.000
12.020 0.152 12.171 0.034 0.034 33.984 76.875 61.500
14.453 0.168 14.622 0.041 0.041 40.820 78.750 63.000
17.040 0.186 17 225 0.048 0.048 48.079 80.625 64.500
19.733 0.204 19.936 0.056 0.056 55.631 32.500 66.000
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Table I).2 -  Moment -  rotation calculation of TSA\V-2c connection
4 , (mm) £u?(mm) 5L! (mm) Sft/h 0(rad) 0(mRad) M (KN.m) P (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.125 0.010 0 135 0.0004 0.0004 0.378 7.500 6.000
0.254 0.021 0.275 0.001 0.001 0.769 15.000 12.000
0.387 0.032 0.420 0.001 0.001 1.172 22.500 18.000
0.534 0.044 0.577 0.002 0.002 1.612 30.000 24.000
0.734 0.056 0.791 0.002 0.002 2.209 37.500 30.000
1.036 0.070 1.107 0.003 0.003 3.091 45.000 36.000
1.484 0.085 1.569 0.004 0.004 4.384 52.500 42.000
1.782 0.093 1.875 0.005 0.005 5.238 56.250 45.000
2.187 0.101 2.289 0.006 0.006 6.393 60.000 48.000
2.461 0.105 2.567 0.007 0.007 7.169 61.875 49.500
2.829 0.110 2.938 0.008 0.008 8.208 63.750 51.000
3.269 0.115 3.384 0.009 0.009 9.451 65.625 52.500
3.787 0.231 4.018 0.011 0.011 11.224 67.500 54.000
4.443 0.237 4.679 0.013 0.013 13.070 69.375 55.500
5.214 0.242 5.456 0.015 0.015 15.239 71.250 57.000
6.260 0.252 6.512 0.018 0.018 18.188 73.125 58.500
7.455 0.262 7.718 0.022 0.022 21.555 75.000 60.000
8.962 0.274 9.236 0.026 0.026 25.793 76.875 61.500
10.821 0.290 11.111 0.031 0.031 31.026 78.750 63.000
12.738 0.241 12.979 0.036 0.036 36.237 80.625 64.500
15.776 0.320 16.095 0.045 0.045 44.928 82.500 66.000
18.836 0.390 19.225 0.054 0.054 53.650 84.375 67.500
21.836 0.439 22.274 0.062 0.062 62.138 85.625 68.500
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Table D.3 -  Moment -  rotation calculation of TSAW-3b connection
Sot (mm) S (mm) 5b (mm) 5fl/h 0(rad) 0(mRad) M (K N .m ) P (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.088 0.009 0.097 0.0003 0.0003 0.271 10.160 8.000
0.178 0.020 0.198 0.001 0.001 0.553 20.320 16.000
0.274 0.031 0.304 0.001 0.001 0.850 30.480 24.000
0.394 0.042 0.436 0.001 0.001 1.218 40.640 32.000
0.564 0.054 0.618 0.002 0.002 1.725 50.800 40.000
0.791 0.067 0.858 0.002 0.002 2.396 60.960 48.000
1.147 0.083 1.230 0.003 0.003 3.437 71.120 56.000
1.928 0.109 2.037 0.006 0.006 5.689 81.280 64.000
2.271 0.119 2.390 0.007 0.007 6.675 83.820 66.000
2.715 0.204 2.919 0.008 0.008 8.153 86.360 68.000
3.348 0.343 3.691 0.010 0.010 10.310 88.900 70.000
4.237 0.575 4.813 0.013 0.013 13.442 91.440 72.000
5.779 1.130 6.909 0.019 0.019 19.297 93.980 74.000
7.452 1.232 8.684 0.024 0.024 24.251 95.250 75.000
9.352 1.339 10.591 0.030 0.030 29.853 96.520 76.000
11.252 1.446 12.698 0.035 0.035 35.453 96.520 76.000
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Table D.4 -  Moment -  rotation calculation of TSA\V-3c connection
Sv, (mm) <5  ^(mm) 6fl(mm) 5fj/h 0(rad) 0(mRad) M  (KN.m) P (KN)
0 000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.121 0.009 0.131 0.0004 0.0004 0.365 10.000 8.000
0.246 0.021 0.267 0.001 0.001 0.745 20.000 16.000
0.382 0.032 0.413 0.001 0.001 1.155 30.000 24.000
0.524 0.043 0.567 0.002 0.002 1.583 40.000 32.000
0.712 0.054 0.766 0.002 0.002 2.138 50.000 40.000
0.975 0.066 1.041 0.003 0.003 2.908 60.000 48.000
1.329 0.078 1.407 0.004 0.004 3.929 70.000 56.000
1.858 0.089 1.947 0.005 0.005 5.438 80.000 64.000
2.202 0.095 2.297 0.006 0.006 6.416 84.500 67.600
2.702 0.102 2.804 0.008 0.008 7.834 89.000 71.200
3.057 0.306 3.363 0.009 0.009 9.394 91.500 73.200
3.142 0.812 3.953 0.011 0.011 11.043 94.000 75.200
3.813 0.981 4.794 0.013 0.013 13.391 96.500 77.200
4.412 1.133 5.545 0.015 0.015 15.487 99.000 79.200
5.054 1.340 6 394 0.018 0.018 17.860 101.500 81.200
5.860 1.548 7.408 0.021 0.021 20.689 104.000 83.200
6.558 1.756 8.314 0.023 0.023 23.219 106.500 85.200
7.598 1.964 9.562 0.027 0.027 26.703 109.000 87.200
3.704 2.025 10.729 0.030 0.030 29.961 110.875 88.700
9.910 2.286 12.196 0.034 0.034 34.055 112.500 90.000
11.116 2.547 13.663 0.038 0.038 38.147 114.125 91.300
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A p p e n d ix  E
Moment-rotation calculation o f EPTB connection.
S0i (mm) horizontal defoimation o f the connection at the top flange o f the beam
4 j(m m ) horizontal deformation o f the connection at the bottom flange o f the beam
Sjt (mm) relative total horizontal deformation o f the connection measured from the
top to the bottom flange o f the beam
h (mm) depth o f the beam
#(rad) connection rotation (tf = atan (SpA\))
d (mm) length o f the beam
F  (KN) point load at the end o f the beam
M  (KN.m) moment at the column flange face (A/ =2* F.d)
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Table E.l -  Moment - rotation calculation o f EPHS-lb connection
So, (mm) S„i (mm) 6b (mm) 6n/h 0(rad) 0(mRad) M (K N .m ) P (K N )
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.040 -0.017 0.057 0.0003 0.0003 0.283 5.500 2.750
0.060 -0.025 0.085 0.0004 0.0004 0.423 8.105 4.053
0.081 -0.032 0.114 0.001 0.001 0.568 10.711 5.355
0.105 -0.040 0.145 0.001 0.001 0.723 13.316 6.658
0.128 -0.048 0.176 0.001 0.001 0.830 15.921 7.960
0.164 -0.059 0.223 0 001 0.001 1.116 19.829 9.915
0.216 -0.076 0.292 0.001 0.001 1.458 25.329 12.665
0.270 -0.092 0.362 0.002 0.002 1.810 30.829 15.415
0.327 -0.109 0.436 0.002 0.002 2.180 36.329 18.165
0.389 -0.126 0.515 0.003 0.003 2.575 41.829 20.915
0.459 -0.143 0.602 0.003 0.003 3.008 47.329 23.665
0.539 -0.160 0.698 0.003 0.003 3.492 52 829 26.415
0.633 -0.177 0.811 0.004 0.004 4.053 58.328 29.164
0.745 -0.195 0.940 0.005 0.005 4.702 63.828 31.914
0.808 -0.204 1.012 0.005 0.005 5.059 66.435 33.217
0.878 -0.213 1.090 0.005 0.005 5.452 69.042 34.521
0.957 -0.222 1.179 0.006 0.006 5.896 71.643 35.822
1.048 -0.231 1.279 0.006 0.006 6.396 74.250 37.125
1.152 -0.241 1.393 0.007 0.007 6.967 76.857 38.429
1.277 -0.251 1.528 0.008 0.008 7.640 79.459 39.729
1.424 -0.262 1.687 0.008 0.008 8.432 82.066 41.033
1.611 -0.274 1.885 0.009 0.009 9.424 84.673 42.336
1.830 -0.287 2.117 0.011 0 011 10.583 87.274 43.637
2.135 -0.302 2.437 0.012 0.012 12.185 89.881 44.941
2.539 -0.319 2.859 0.014 0.014 14.293 92.488 46.244
2.944 -0.336 3.280 0.016 0.016 16.401 95.095 47.548
3.535 -0.353 3.888 0.019 0.019 19.439 97.702 48.851
3.999 -0.371 4.369 0.022 0.022 21.843 99.000 49.500
4.576 -0.388 4.963 0.025 0.025 24.811 100.100 50.050
5.070 -0.405 5.475 0.027 0.027 27.366 101.200 50.600
5.656 -0.422 6.078 0.030 0.030 30.381 101.750 50.875
6.206 -0.439 6.645 0.033 0.033 33.211 102.300 51.150
7.090 -0.422 7.512 0.038 0.038 37.541 102.300 51.150
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Table E.2 -  Moment -  rotation calculation o f EPHS-3c connection
oui (mm)
----- - --------
6b (mm) 6o/h 0(rad) 0(mRad) M(KN.m) P (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.068 -0.029 0.097 0.0005 0.0005 0.483 5.500 5.000
0.148 -0.057 0.204 0.001 0.001 1.021 11.000 10.000
0.233 -0.085 0.318 0.002 0.002 1.589 16.500 15.000
0.322 -0.114 0.435 0.002 0.002 2.177 22.000 20.000
0.416 -0.142 0.558 0 003 0.003 2.792 27.500 25.000
0.518 -0.172 0.690 0.003 0.003 3.449 33.000 30.000
0.633 -0.201 0.834 0.004 0.004 4.170 38.500 35.000
0.767 -0.232 0.999 0.005 0.005 4.994 44.000 40.000
0.933 -0.263 1.195 0.006 0.006 5.977 49.500 45.000
1.154 -0.296 1.450 0.007 0.007 7.252 55.000 50.000
1.288 -0.313 1.601 0.008 0.008 8.003 57.607 52.370
1.449 -0.331 1.779 0.009 0.009 8.897 60.209 54.735
1.642 -0.349 1.992 0.010 0.010 9.958 62.816 57.105
1.903 -0.370 2.273 0.011 0.011 11.365 65.423 59.475
2.253 -0.392 2.645 0.013 0.013 13.223 68.024 61.840
2.729 -0.416 3.145 0.016 0.016 15.723 70.631 64.210
3.448 -0.441 3.889 0.019 0.019 19.443 73.238 66.580
4.528 -0.477 5.005 0.025 0.025 25.019 75.840 68.945
6.667 -0.529 7.196 0.036 0.036 35.966 78.447 71.315
9.737 -0.599 10.336 0.052 0.052 51.633 80.850 73.500
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Table E.3 -  Moment -  rotation calculation o f EPHS-5c connection
So/ (mm) <5u»(mm) 5b (mm) Ss/h 0(rad) 0(mRad) M  (KN.m) p m )
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.084 -0.035 0.119 0.001 0.001 0.596 5.500 5.000
0.129 -0.051 0.180 0.001 0.001 0.902 8.105 7.369
0.178 -0.068 0.246 0.001 0.001 1.230 10.711 9.737
0.228 -0.084 0.312 0.002 0.002 1.560 13.316 12.106
0.278 -0.101 0.379 0.002 0.002 1.894 15.921 14.474
0.357 -0.126 0.483 0.002 0.002 2.415 19.829 18.027
0.440 -0.152 0.591 0.003 0.003 2.957 23.737 21.579
0.568 -0.188 0.756 0.004 0.004 3.781 29.237 26.579
0.717 -0.225 0.942 0.005 0.005 4.710 34.737 31.579
0.902 -0.264 1.166 0.006 0.006 5.830 40.237 36.579
1.147 -0.305 1.451 0.007 0.007 7.256 45.737 41.579
1.295 -0.325 1.620 0.008 0.008 8.099 48.342 43.948
1.488 -0.347 1.836 0.009 0.009 9.179 50.948 46.316
1.735 -0.371 2.107 0.011 0.011 10.533 53.552 48.684
2.057 -0.398 2.455 0.012 0.012 12.272 56.161 51.055
2.503 -0.425 2.928 0.015 0.015 14.637 58.762 53.420
3.161 -0.454 3.615 0.018 0.018 18.074 61.369 55.790
4.251 -0.492 4.742 0.024 0.024 23.707 63.976 58.160
6.203 -0.543 6.746 0.034 0.034 33.717 66.578 60 525
8.155 -0.595 8.750 0.044 0.044 43.720 68.200 62.000
9.829 -0.629 10.458 0.052 0.052 52.242 68.750 62.500
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A p p e n d ix  F
Moment-rotation calculation o f FEP connection.
(),./ (mm) horizontal deformation o f the connection at the lop tlange o f the beam
<!i„:(mm) horizontal deformation o f the connection at the bottom tlange o f the beam
dy?(mm) relative total horizontal deformation o f the connection measured from the
top to the bottom tlange o f the beam
h (mm) depth o f the beam
#(rad) connection rotation (0 = atan (S/rfi))
d (mm) length o f the beam
F’ (ICN) point load at the end o f the beam
M  (KN.m) moment at the column tlange face (M =2* F.d)
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Table F.l -  Moment -  rotation calculation ofFFPOa connection
8ut (mm) ^ ( m m ) 6q (mm) 6o/h 0(rad) 0(mRad) M  (KN.m) P  (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.117 -0.016 0.133 0.0004 0.0004 0.452 6.500 2.500
0.270 -0.034 0.304 0.001 0.001 1.034 13.000 5.000
0.437 -0.053 0.490 0.002 0.002 1.667 19.500 7.500
0.609 -0.071 0.681 0.002 0.002 2.315 26.000 10.000
0.793 -0.089 0.882 0.003 0.003 3.001 32.500 12.500
0.985 -0.107 1.092 0.004 0.004 3.714 39.000 15.000
1.189 -0.125 1.314 0.004 0.004 4.469 45.500 17.500
1.412 -0.143 1.556 0.005 0.005 5.292 52.000 20.000
1.658 -0.163 1.821 0.006 0.006 6.194 58.500 22.500
1.940 -0.184 2.124 0.007 0.007 7.223 65.000 25.000
2.283 -0.205 2.489 0.008 0.008 8.464 71.500 27.500
2.682 -0.228 2.910 0.010 0.010 9.898 78.000 30.000
3.177 -0.253 3.430 0.012 0.012 11.665 84.500 32.500
3.821 -0.284 4.105 0.014 0.014 13.961 91.000 35.000
4.645 -0.327 4.972 0.C17 0.017 16.909 37.500 37.500
5.474 -0.390 5.864 0.020 0.020 19.944 104.000 40.000
6.384 -0.429 6.813 0.023 0.023 23.169 110.500 42.500
7.189 -0.481 7.670 0.026 0.026 26.081 117.000 45.000
8.205 -0.550 8.755 0.030 0.030 29.770 123.500 47.500
9.022 -0.609 9.631 0.033 0.033 32.747 126.750 48.750
9.800 -0.613 10.413 0.035 0.035 35.403 130.000 50.000
10.350 -0.619 10.969 0.037 0.037 37.292 131.560 50.600
10.795 -0.629 11.424 0.039 0.039 38.837 132.600 51.000
10.982 -0.639 1 1.621 0.040 0.040 33.507 131.350 50.750
11.240 -0.639 11.879 0.040 0.040 40.382 131.300 50.500
11.590 -0.639 12.229 0.042 0.042 41.571 130.000 50.000
12.385 -0.649 13.034 0.044 0.044 44.304 126.750 48.750
13.180 -0.659 13.839 0.047 0.047 47.036 123.500 47.500
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T a b le  F.2 -  M o m e n t -  ro ta t io n  c a lc u la tio n  o f  F E P -3 b  co n n e c tio n
<)*„/ (mm) A,_’ (mm) V ' h #(rad) 0(mRad) M  (KN.m) P (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.117 -0.016 0.133 0.0004 0.0004 0.452 9.750 3.750
0.270 -0.034 0.304 0.001 0.001 1.034 19.500 7.500
0.437 -0.053 0.490 0.002 0.002 1 667 29.250 11.250
0.609 -0.071 0.681 0.002 0.002 2 315 39.000 15.000
0.793 -0.089 0.882 0.003 0.003 3.001 48.750 18.750
0.985 -0.107 1.092 0.004 0.004 3 714 58.500 22.500
1.189 -0.125 1.314 0.004 0.004 4 469 68.250 26.250
1.412 -0.143 1.556 0.005 0.005 5 292 78.000 30.000
1.658 -0.163 1.821 0.006 0.006 6 194 87.750 33.750
1.940 -0.184 2.124 0.007 0.007 7 223 97.500 37.500
2.283 -0.205 2.489 0.008 0.008 8.464 107.250 41.250
2.682 -0.228 2.910 0.010 0.010 9 898 120 900 46.500
3.177 -0.253 3.430 0.012 0.012 11.665 136 500 52.500
3.821 -0.284 4.105 0.014 0.014 13 961 150 150 57.750
4.645 -0.327 4.972 0 017 0 017 16 909 165 750 63.750
5.374 -0.390 5.764 0.020 0.020 19.604 175 500 67.500
6.384 -0.429 6.813 0.023 0.023 23.169 187.200 72.000
7.189 -0.481 7.670 0.026 0.026 26.081 195 000 75.000
8.205 -0.550 8.755 0.030 0.030 29 770 202.800 78.000
9.022 -0.619 9.641 0.033 0.033 32.781 205 725 79.125
9.521 -0.619 10.140 0.034 0.034 34 476 202.215 77.775
9.721 -0.619 10.340 0.035 0.035 35.156 199.875 76.875
10.050 -0 619 10.669 0.036 0.036 36 273 196 950 75.750
10.295 -0.629 10.924 0 037 0.037 37.139 193.050 74.250
10.482 -0.639 11.121 0.038 0.038 37.809 190.125 73.125
10.740 -0.639 11.379 0.039 0.039 38.684 186.225 71.625
11.090 -0.639 11.729 0.040 0.040 39.873 183.300 70.500
11.735 -0.649 12.384 0.042 0.042 42.097 181.350 69.750
12.590 -0.659 13.249 0.045 0.045 45.033 179.400 69.000
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A p p e n d ix  G
Moment-rotation calculation o fS C C  connection.
A',,/ (mm) horizontal deformation o f the connection at the top flange o f the beam
f V j ( m m )  horizontal deformation o f the connection at the bottom flange o f the beam
A}/ (mm) relative total horizontal deformation o f the connection measured from the
top to the bottom flange o f the beam
h (mm) depth o f the beam
$(rad) connection rotation (0 = atan (5p/hJ)
i! (mm) length o f the beam
F (KN) point load at the end o f the beam
A/ (KN.m) moment at the column flange face (A/ =2* F.d)
283
Appendix G
Table G. 1 Moment -  rotation calculation o f SCC-Ib connection
Su/ (mm) (mm) 8o (mm) ' i t y h  , 0(rad) £ ■ 0(mRad) M  (KN.m) • P  (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.085 -0.046 0.131 0.0004 0.0004 0.443 29.400 10.000
0 206 -0.096 0.302 0.001 0.001 1.025 58.800 20.000
0.370 -0.151 0.522 0.002 0.002 1.771 88.200 30.000
0.652 -0.222 0.874 0.003 0.003 2.967 117.600 40.000
1.189 -0 395 1.584 0.005 0.005 5.378 147.000 50.000
2.105 -1.039 3.144 0.011 0.011 10.675 176.400 60.000
3.212 -1.682 4.895 0.017 0.017 16.619 194.040 66.000
4.128 -2.428 6.556 0.022 0.022 22.258 204.330 69.500
6.051 -3.418 9.468 0.032 0.032 32.139 217.560 74.000
8.273 -4.070 12.343 0.042 0.042 41.888 223.440 76.000
9.684 -5.404 15.088 0.051 0.051 I 51.186 229.320 78.000
Table G.2 -  Moment -  rotation calculation o f SCC-lc connection
Sut (mm) Su: (mm) §3 (n;m) 5(j/h #(rad) #(mRad) M  (KN.m) P  (KN)
0.000 0.000 0.000 0.0000 0.0000 0.000 0.000 0.000
0.044 -0.C33 0.078 0.0003 0.C003 0.264 22.050 10.000
0.092 -0.068 0.160 0.001 0.001 0.543 44.100 20.000
0.150 -0.103 0.253 0.001 0.001 0.8S0 65.150 30.000
0.259 -0.146 0.405 0.001 0.001 1.374 88.200 40.000
0.378 -0.190 0.568 0.002 0.002 1.929 110.250 50.000
0.656 -0.229 0.885' 0.003 0.003 3.006 132.300 60.000
0.995 -0.368 1.364 0.005 0.005 4.631 154.350 70.000
1.336 -0.692 2.028 0.007 0.007 6.885 176.400 80.000
1.676 -1.015 2.691 0.009 0.009 9.138 187.425 85.000
2.016 -1.339 3.355 0.011 0.011 11.392 194.040 88.000
2.917 -1.650 4.567 0.016 0.016 15.507 190.450 90.000
3.982 -1.961 5.943 0.020 0.020 20.179 202.860 92.000
5.147 -2.593 7.740 0.026 0.026 26.276 207.270 94.000
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